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Strained silicon (Si) and silicon-germanium (SiGe) devices have long been 
recognised for their enhanced mobility and higher on-state current compared with bulk-
Si transistors. However, the performance and reliability of dielectrics on strained 
Si/strained SiGe is usually not same as for bulk-Si. Epitaxial growth of strained Si/SiGe 
can induce surface roughness. The typical scale of surface roughness is generally higher 
than bulk-Si and can exceed the device size. Surface roughness has previously been 
shown to impact the electrical properties of the gate dielectric. Conventional 
macroscopic characterisation techniques are not capable of studying localised electrical 
behaviour, and thus prevent an understanding of the influence of large scale surface 
roughness. However scanning probe microscopy (SPM) techniques are capable of 
simultaneously imaging material and electrical properties. 
This thesis focuses on understanding the relationship between substrate induced 
surface roughness and the electrical performance of the overlying dielectric in high 
mobility strained Si/SiGe devices. SPM techniques including conductive atomic force 
microscopy (C-AFM) and scanning capacitance microscopy (SCM) have been applied 
to tensile strained Si and compressively strained SiGe materials and devices, suitable for 
enhancing electron and hole mobility, respectively. Gate leakage current, interface trap 
density, breakdown behaviour and dielectric thickness uniformity have been studied at 
the nanoscale. Data obtained by SPM has been compared with macroscopic electrical 
data from the same devices and found to be in good agreement. For strained Si devices 
exhibiting the typical crosshatch morphology, the electrical performance and reliability 
of the dielectric is strongly influenced by the roughness. Troughs and slopes of the 
crosshatch morphology lead to degraded gate leakage and trapped charge at the 
interface compared with peaks on the crosshatch undulations. Tensile strained Si 
material which does not exhibit the crosshatch undulation exhibits improved uniformity 
in dielectric properties. Quantitative agreement has been found for leakage at a device-
level and nanoscale, when accounting for the tip area. The techniques developed can be 
used to study individual defects or regions on dielectrics whether grown or deposited 
(including high-κ) and on different substrates including strained Si on insulator (SSOI), 
strained Ge on insulator (SGOI), strained Ge, silicon carbide (SiC) and graphene. 
Strained SiGe samples with Ge content varying from 0 to 65% have also been studied. 
The increase in leakage and trapped charge density with increasing Ge extracted from 
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SPM data is in good agreement with theory and macroscopic data. The techniques 
appear to be very sensitive, with SCM analysis detecting other dielectric related defects 
on a 20% Ge sample and the effects of the 65% Ge later exceeding the critical thickness 
(increased defects and variability in characteristics). 
Further applications and work to advance the use of electrical SPM techniques are 
also discussed. These include anti-reflective coatings, synthetic chrysotile nanotubes 
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Chapter 1. Introduction and Literature Survey 
 
The underlying concept of the metal-oxide-semiconductor field-effect transistor 
(MOSFET) first appeared in the 1930 patent by Julius Edgar Lilienfield [1]. In 1935, 
Oskar Heil filed a British patent application which contains the first description of an 
insulated-gate FET [2]. More than a decade later, John Bardeen, Walter Brattain and 
William Shockley invented the first transistor using Ge crystal at the Bell labs in 1947 
[3]. Mid 1950s saw a shift towards Si from Ge which was the initial choice for discrete 
devices [4]. This was due to the low cost of Si and its ability to form a high quality 
native oxide. In 1958, Jack Kilby at Texas Instruments was the first person to process 
different components on a single chip by putting together two bipolar transistors on a 
single Ge chip using gold contacts [5]. Improvements in planar technology in the 1950s 
led Robert Noyce at Fairchild Camera and Instrument Corp. in 1959 to present diffused 
transistors and resistors on a single Si chip interconnected by aluminium (Al) lines [6]. 
This is now widely known as the monolithic integrated circuit (IC) technology. The first 
successful Si MOSFET was reported by Kahng and Atalla at the Solid State Device 
Research Conference in 1960 [7]. The complementary MOS (CMOS) concept which 
proved to be extremely important in reducing power use by MOS transistors was first 
reported by Wanlass and Sah in 1963 [8]. 
In the year 1965, one of the founders of Fairchild Semiconductors who later on co-
founded Intel as well, Gordon E. Moore observed a trend in the increase of number of 
transistors per chip. Moore predicted that the number of transistors on a chip will double 
about every two years [9]. This trend is widely known in the semiconductor industry as 
the ‘Moore’s Law’. Moore’s law has significantly driven the technological and 
commercial success of the semiconductor industry for more than four decades. 
While most ICs fabricated during the 1960s and 1970s were based on bipolar 
transistors, MOSFET based devices gained importance and took over the leading role in 
the early 1980s [10]. The emergence of the computer industry and the opportunities 
created by ICs made the MOSFET the basic element of every chip.  Initial Si MOSFETs 
found applications in computer memories and microprocessors. Presently, the MOSFET 
is the elementary component of integrated circuits which power every analogue and 
digital electronic system. Nearly 80% of different semiconductor technologies utilise 
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MOS based devices [10]. The success of the semiconductor industry is largely attributed 
to Si based MOSFETs. 
The basic MOSFET has seen aggressive scaling and multiple technological 
innovations since Moore’s prediction triggered the microelectronics revolution. 
Polycrystalline Si (poly-Si) became the preferred gate electrode material in the 1970s 
while silicides of tungsten and titanium were incorporated into the gate stack in the 
1980s [11]. These were replaced by cobalt and nickel silicide (NiSi) in the 1990s. At the 
turn of the century, Copper began to replace Al as contact metal due to its lower 
resistivity. Silicon dioxide (SiO2) which has been the traditional choice for the oxide 
layer between the metal and the semiconductor has been scaled aggressively to a 
thickness < 1 nm. This has lead to the introduction of gate dielectrics with high 
permittivity commonly known as the high-κ dielectrics. 
 
1.1 MOSFET fundamentals 
Fig. 1.1 shows a schematic representation of a MOSFET with its four terminals: 
substrate, source, drain and gate. The substrate can be doped either p-type or n-type 
with the source and the drain having the opposite doping profile compared with the 
substrate. The gate terminal is separated by a thin insulating layer also known as the 
gate oxide or the gate dielectric. In an n-type MOSFET (similar to the one shown in Fig. 
1.1), the substrate is doped p-type while the source and the drain have relatively higher 
levels of n-type doping. The doping profiles are reversed for p-type MOSFETs. 
MOSFETs are voltage controlled devices such that the voltage applied at the gate 
electrode modulates the flow of current. 
The voltage applied at the gate terminal (Vg) controls the MOSFET operation. For an 
n-type MOSFET (Fig. 1.1), negative values of Vg accumulate the holes (majority 






 junction between the 
source, substrate and the drain. This is similar to two back to back diodes. The first 
diode goes from the source to the substrate and the other from the substrate to the drain. 
The two diodes have opposite orientation so that if one allows current flow the other 
can't. This situation is highly resistive and not much current can flow (the MOSFET is 




junction exists between the source, substrate and the drain 
which keeps the MOSFET in off state. At a positive Vg, the holes in the p-substrate near 
the oxide experience an electrostatic repulsive force which drives them away from the 
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oxide interface. This results in a depletion region (also known as the space charge 
region) near the semiconductor surface since the region is depleted of its native carriers, 
the holes. The depletion region is composed of the immobile acceptor ions of the 
substrate. As V
g
 increases further, all holes are driven away from the channel and some 
electrons (from source and drain) enter into the region just below the oxide interface. 
This region is now n-type (inverted) and results in an n-type inversion layer connecting 
the source and drain. This is a highly conductive state with no diode behaviour. In the 
presence of a potential difference between the source and the drain, current flow occurs 
between source and drain via the inversion channel. 
Further increase in Vg requires an increase in electron concentration in the inversion 
layer. These electrons are supplied by the trap centres (such as dislocations and 
impurities) in the depletion layer. According to Sah et al., generation and recombination 
of electron-hole pairs in the space charge region dominates the electrons in the inversion 
layer [12]. Generation and recombination of carriers is typically explained by the 




The value of Vg at which the electron density at the semiconductor surface equals the 
hole concentration in the bulk is known as the threshold voltage (Vt). The polarity of 
charge carriers and Vg which causes inversion are reversed for a p-type MOSFET. 
The electrons flow from the source to the drain resulting in a flow of current from the 
drain to the source. At a given value of Vds, the MOSFET operates in one of the 
following three regimes (Fig 1.2): 
Figure 1.1 Schematic representation of an n-type MOSFET. 
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a. Linear region. At low values of Vds, the channel exhibits resistive behaviour 
(current increases linearly with voltage) as shown in Fig. 1.2a. The drain-source 
current (Ids) is proportional to Vds in this region of operation. 
b. Onset of saturation. At increased Vds, the lateral electric field exceeds the 
vertically applied field (through the gate). This reduces the width of the channel 
at the drain end to zero. At the onset of saturation the channel is said to pinch-off 
at the drain end (Fig. 1.2b). The value of Vds at pinch-off is called saturation 
voltage (Vdsat) at which Ids begins to saturate. 
c. Saturation region. Further increase in Vds increases the region in which the drain 
voltage is higher than the gate voltage. This results in shifting of the pinch-off 
point towards the source. The channel becomes highly resistive across the 
pinched-off region. The voltage in the effective channel region is still Vdsat and 









Although the region of operation is determined by Vds, the amount of charge in the 
channel and hence the output current level is determined by Vg. Fig. 1.3 explains the 
influence of Vg on typical Ids-Vds characteristics of an n-MOSFET. This is the reason 
that the MOSFET is also referred to as a voltage controlled current source. 
 
 
Figure 1.3 Dependence of Ids-Vds characteristics on Vg. Data measured in-house 
from a bulk-Si channel n-MOSFET with Lg = Wg = 10 µm. 
Figure 1.2 Schematic representation of an n-MOSFET in the three regimes of 
operation: (a) linear region, (b) onset of saturation, and (c) saturation. The 
dotted line in the cross-sectional view of the MOSFET (left) represents the 
variation in the depletion region between source, drain and substrate.  
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Ids consist of two components: drift current and diffusion current. At Vg < Vt, a small 
value of Vds is capable of resulting in a concentration gradient causing diffusion current 
which is dominant in the sub-threshold regime. The diffusion current (   
    
) is a 
function of the gate overdrive (      ) and can be described by the following equation 
[13]: 
    
          
     
  
   1.1 
where, q is the electronic charge, k is the Boltzmann constant and T is temperature.  
Under strong inversion, charge concentration in the channel is constant and drift 
current is caused by the applied electric field. The drift current under strong inversion 
(Idsat) is written as [13]: 
       
  
   
           
 
  1.2 
where, Wg and Lg are the gate width and length respectively, µ is the carrier mobility 
and Cox is the capacitance of the gate dielectric. Above Vt and prior to saturation, Ids can 
be expressed as a function of both Vg and Vds [13]: 
     
  
  
                
 
 
   
    1.3 
In addition to Ids, another important MOSFET parameter is the mobility of charge 
carriers (µ). It is defined as the drift velocity of charge carriers per unit electric field. It 
is a measure of the ease with which charge carriers drift through a metal or a 
semiconductor. It is a vital parameter and is commonly studied to describe device 
performance. It can be expressed as: 
   
  
  
  1.4 
where, τ is the mean relaxation time between scattering events and m* is the carrier 
effective mass. The motion of electrons (holes) in a crystal under the influence of 
externally applied fields and the forces within the crystal lattice can be described as the 
motion of a free electron but with an effective mass m
*
 that differs from its mass in the 




    




     
  
1.5 
where, h is the Planck’s constant, E is the kinetic energy of the charge carrier and k is 
the wave-vector. The quantity   
  
      represents the energy band curvature. 
Hence, m
*
 is inversely proportional to the band curvature. 
Different scattering mechanisms in a crystal affect the value of τ and hence of µ in 
accordance with equation 1.4. In MOSFETs, various scattering mechanisms exist which 
dominate at different regions of the vertical electric field [14]. These are phonon 
scattering (lattice vibrations), Coulomb scattering (due to electrically charged interface 
states) and surface roughness scattering. Fig. 1.4 shows the regions of vertical electric 
field where each scattering mechanism is dominant [14]. At low fields, Coulomb 
scattering through interface traps is dominant while at mid fields phonon scattering 
dominates. Under strong inversion, charge carriers experience maximum interaction 
with the surface and hence surface roughness scattering is the dominant mobility 
limiting mechanism at high fields. 
 
 
Figure 1.4 Dominant mobility scattering mechanisms with effective vertical 
electric field [14]. 
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In addition to τ, m* (usually expressed in terms of its free mass, m) also affects 
mobility in accordance with equation 1.4. Charge carriers with lower effective mass 
boost the mobility of the device. 
 
1.1.1 The MOS capacitor 
A capacitor is formed when two conducting layers are separated by a dielectric. In a 
MOSFET, the metal gate electrode, the gate dielectric and the semiconductor substrate 




The total capacitance of a MOS capacitor (Ctot) consists of a series combination of 
Cox and the capacitance of the depletion layer (Cdep) as shown in Fig. 1.6. Under strong 
accumulation, there is no depletion layer and Ctot is only due to the dielectric and hence 
is equal to Cox. Consequently, Cox is commonly used to estimate the thickness of the 
dielectric. During depletion and inversion, the total capacitance is due to the dielectric 
as well as the depletion layer. 
The value of Vg which separates accumulation from depletion regime is called the 
flatband voltage (VFB). The energy band diagrams at accumulation, flatband, depletion 
and inversion are shown in Fig. 1.7. In order to maintain charge neutrality in the MOS 
capacitor, the energy band structure is altered under the influence of externally applied 
Vg. During accumulation, increased hole density at the semiconductor surface causes the 
bands to bend upwards. When VFB is applied across the gate, the bands are flat which 
Figure 1.5 Metal-Oxide-Semiconductor (MOS) capacitor formed by the metal 
gate electrode, gate dielectric and semiconductor substrate in a MOSFET. 
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implies that no charge is present in the semiconductor. Positive Vg increases the density 
of electrons at the semiconductor surface. This causes the energy bands to bend 
downwards. This bending of the bands increases further when Vg exceeds Vt, i.e. during 




An ideal MOS capacitor does not have any dielectric charges and workfunction 
differences between the metal and the semiconductor. Hence the ideal value of VFB is 
generally assumed as 0 V. If the workfunction difference is not ignored, flatband 
condition can be realised by applying a voltage at the gate which equals the 
workfunction difference between the metal and the semiconductor. In this thesis, ideal 
VFB has been calculated by accounting for the workfunction differences between the 
metal and the semiconductor. In the presence of charges in the bulk and at the 
dielectric/semiconductor interface, VFB is altered. In order to account for the potential 
drop due to the dielectric charges, the value of Vg required to achieve flatband condition 
is altered. Consequently, variations in VFB are often used to study the polarity and 
magnitude of charges in the dielectric. 
In addition to dielectric charges, the capacitance response of a MOS capacitor can 









Figure 1.7 Energy band diagrams for an ideal n-MOS capacitor (with no 
dielectric charges and workfunction differences) during different regimes of 
operation. Ec and Ev are the conduction and valence bands in the 
semiconductor, respectively. Ei is the intrinsic Fermi level of the semiconductor, 
EFs is the Fermi energy level in the doped semiconductor and EFm represents the 
Fermi energy level of the metal. 
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1.2 CMOS scaling and the need for alternate materials 
Over time MOSFETs have been scaled down to smaller devices which has provided 
more devices and hence more applications per unit area at a smaller cost per device. 
This deflationary trend has over the years significantly increased the size of the 
microelectronics industry. 
Moore’s law has significantly motivated the semiconductor industry towards 
increased density and improved performance of devices per unit area. A new technology 
node characterised by a minimum feature size is introduced approximately every two 




1.2.1 Dimensional Scaling of the MOSFET 
In order to accommodate twice the number of transistors every two years, MOSFETs 
have undergone aggressive dimensional scaling. Conventional scaling of MOSFETs 
over the years has been achieved through reduction of lateral as well as vertical 
dimensions. The level of reduction in dimensions can be represented by the scaling 
factor, α. The two common types of scaling are: constant voltage and constant field 
scaling. Constant voltage scaling requires reduction of lateral dimensions only and does 
not require supply voltage (Vs) scaling. It is simpler to implement and provides higher 
Figure 1.8 The minimum feature size of the technology node along the chronicle 
time line [15]. 
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clock speeds (rate at which a processor completes a processing cycle) in integrated 
circuits. However, continuous reduction of lateral features increases the electric field 
which can lead to increased gate leakage (Jg), reduced mobility and lower breakdown 
voltages. Constant field scaling on the other hand maintains the original field 
distribution and requires scaling of lateral as well as vertical dimensions. It is not a 
purely geometric process as it also requires scaling of the voltages (Vds, Vg, Vt and Vs). 
Table 1.1 shows the scaling of various parameters using constant voltage and constant 
field methods in terms of α [16].  
Fig. 1.9 shows the effect of conventional scaling of physical dimensions on the 
MOSFET device parameters [17, 18]. 
 
Table 1.1 Comparison of the effect of constant voltage and constant field scaling on 
MOSFET device parameters [16]. α is the dimensional scaling factor. 
Parameter Constant voltage scaling Constant field scaling 
Gate length 1/α 1/α 
Gate width 1/α 1/α 
Dielectric thickness 1/α 1/α 
Depletion layer width 1/α 1/α 
Substrate doping α2 α2 
Gate capacitance 1/α 1/α 
Dielectric capacitance α α 
Electric field α 1 
Voltage 1 1/α 
Current α 1/α 
Power dissipation α 1/α2 
Power-delay 1/α 1/α3 
Circuit delay time 1/α2 1/α 







1.2.2 Equivalent Scaling 
The semiconductor industry has grown immensely by essentially following the 
Moore's scaling law. As transistor scaling further continues in the 21
st
 century, device 
dimensions are reaching their physical limits. Several fundamental problems associated 
with scaled devices are needed to be resolved including variation in Jg (reduced 
dielectric thickness), Vt control (drain induced barrier lowering and hot electron 
injection) and mobility degradation (impurity scattering due to high dopant 
concentration and surface scattering). It is necessary to depart from the classical scaling 
and introduce novel materials and architectures to maintain performance improvements. 
Improvement in performance through the introduction of new materials and device 
architectures in addition to the conventional geometrical scaling is known as ‘equivalent 
scaling’. 
Introduction of strain increases mobility without the aggressive scaling of device 
dimensions. Use of high-κ dielectrics improves performance and also reduces Jg by 
increasing the equivalent oxide thickness (EOT). Hence, strain and high-κ dielectrics 
are two of the best examples of equivalent scaling. Equivalent scaling can also be 
achieved by using other semiconductors such as Ge, SiGe, SiC, Carbon, GaAs and 
InGaAs. Alternatively, device architectures such as dual channel and multi-gate 
structures are also effective in improving device performance through equivalent 
scaling. 
Figure 1.9 Effect of scaling on MOSFET device parameters [17, 18]. 
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1.3 Strained Si/SiGe heterostructures 
Strain in semiconductors can be introduced by phonon-induced lattice vibrations, 
lattice mismatched film growth, externally applied stress and locally introduced 
stressors [19]. Strain engineering has played a key role in the sub-100 nm technology 
nodes by improving device performance [20]. Strained Si has been identified by the 
International Technology Roadmap for Semiconductors (ITRS) in its 2010 update as 
one of the technological solutions to achieve equivalent scaling in addition to the 
continued geometrical scaling [21]. 
Si and Ge have similar diamond like atomic structure with the latter having higher 
atomic spacing. The lattice mismatch of ~ 4.2% between Si and Ge has been widely 
exploited to induce strain in the MOSFET channel. Several strain inducing techniques 
are available which can be divided into global (wafer-level) and local (device-level) 
techniques. Epitaxial growth of thin films on lattice mismatched relaxed substrates 
results in biaxial global strain. Uniaxial strain in the direction of the channel can be 
generated by local stressors embedded in the recessed area of the source and the drain. 
The biaxial strain arises because the lattice constant of the thin film in the growth plane 
aligns with that of the substrate which also produces strain in the direction 
perpendicular to the growth plane. Uniaxial strain exists along one direction (usually 
along the channel) which is dictated by the local stressors. Fig. 1.10 illustrates the 
difference between uniaxial and biaxial strain. 
Global strain generates much higher levels of strain, while, local strain provides 
better scalability and is more effective for realising short channel transistors [22]. Fig. 
1.11 illustrates the tensile and compressive global strain generated by the heteroepitaxial 
growth of thin Si and SiGe films on relaxed substrates. The film while trying to match 











The most common approaches for inducing local and global strain have been 
summarised in Fig. 1.12 [22]. Global tensile strained Si or compressively strained Ge 
channels can be realised by growing them on relaxed Si, Si1-xGex or buried oxide (BOX) 
as shown in Fig. 1.12a. Local tensile or compressive strain can be introduced in the 
Figure 1.11 Epitaxial growth of Si and SiGe films on relaxed substrates. The Si 
film is tensile while the SiGe layer undergoes compressive stress. 
Figure 1.10 Uniaxial and biaxial strain. 
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channel by using embedded Si1-xGex (compressive) or Si1-yCy (tensile) stressors in the 
source/drain (Fig. 1.12b). Alternatively, local strain can also be produced by depositing 
a contact etch stop layer (CESL) after source, drain and gate silicidation [22, 23]. A 
CESL acts as a capping layer to prevent contact etching between the metal and the 
transistor’s source, drain and gate regions [24]. Depending on the CESL, local tensile or 
compressive caps (Fig. 1.12c) can be obtained [22]. Another approach for inducing 
local strain is the stress memorisation technique [25, 26]. For SMT, the stress is 
transferred and from the capping layer (such as SiN) to the channel during annealing 
and subsequent cooling. The capping layer is removed prior to silicidation. The stress 
induced in the channel by the capping layer remains even after its removal. 
In 1992, a research group at Stanford University presented strained Si long channel 
MOSFETs on compositionally graded Si1-xGex strain relaxed buffers (SRB) which 
exhibited a nearly 70% improvement in effective mobility (µeff) over bulk-Si MOSFETs 
[27]. Prior to this, Manasevit et al. in 1982 had reported slightly enhanced electron 
mobility from Si/Si0.85Ge0.15 superlattices grown on Si [28].  In 1984, People et al. 
reported hole mobility from strained Si0.80Ge0.20 which was comparable to bulk-Si [29]. 
In 1985, Abstreiter et al. reported that tensile strained Si is able to confine electrons 
when grown on partially or fully relaxed Si1-xGex alloys [30]. Following these, 
improvements in electron mobility were reported by few other groups [31, 32]. In spite 
of such promising observations, defect densities in Si1-xGex were still too high for 
practical applications. In 1991, realisation of relaxed Si1-xGex SRBs with greatly 
reduced threading dislocation density [33, 34] led to renewed interest in strained Si. 
Further improvements in epitaxial growth techniques, especially molecular beam 
epitaxy (MBE) allowed high quality SiGe SRBs to be realised. Within a year, various 
groups drastically increased their targets for strain induced carrier mobility. In 1993, 
enhanced µeff in strained-Si p-MOSFETs was reported by Nayak et al. [35]. In the same 
year, Xei et al. at Bell Labs reported improved µeff from compressively strained Ge 
grown on Ge-rich Si1-xGex SRBs [36]. Soon after, improved levels of hole mobility 
were reported from strained Si1-xGex layers grown on relaxed Si1-yGey (x>y) by Ismail 







Figure 1.12 Most common strain engineering approaches: (a) global strain, 
tensile strained Si or compressively strained Ge grown on relaxed Si1-xGex, (b) 
local tensile or compressive strain induced by stressors in the source and drain, 
and (c) local tensile and compressive strain induced in the Si, Ge or Si1-xGex 
channel by a SiN cap layer [22]. 
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1.3.1 High mobility strained Si/SiGe channels 
The energy band structures of bulk silicon and germanium are shown in Fig. 1.13 
[38, 39]. The conduction band minima for Si lies along the {100} direction (also called 
the Δ or X direction) while for Ge it lies along the {111} direction (also called the Λ or 
L direction). The valence band maxima for both Si and Ge occur at a point where two 
degenerate bands of different curvatures meet, giving rise to “light hole (LH)” and 
“heavy hole (HH)” bands. In terms of the free electron mass m, the effective hole mass 
in HH and LH bands for Si are 0.49m and 0.16m, respectively [39]. These values for Ge 
are 0.28m and 0.044m, respectively [39]. The conduction band minima of bulk Si and 
bulk Ge may be represented as constant energy surfaces. These constant energy surfaces 
are commonly shown as six ellipsoids for Si or eight half-ellipsoids for Ge as shown in 
Fig. 1.14 [39], representing six and four degenerate valleys for Si and Ge, respectively. 
The ellipsoids shown in Fig. 1.14 have their long axis directed towards {100} for Si and 
{111} for Ge. For electrons in Si, the longitudinal effective mass (along the axis) is 
1.0m while the transverse effective mass (perpendicular to the axis) is 0.20m [39]. The 
longitudinal and transverse effective electron masses for Ge are 1.6m and 0.08m 
respectively [39]. 
The energy band structure is altered when Si and Si1-xGex films are strained. Strain 
shifts and splits the energy bands resulting in lifting of degeneracy of the bands which 
causes reduced inter-valley scattering. The lifting of degeneracy means that bands with 
different levels of energy exist. 
For Si under the influence of biaxial tensile strain (Fig. 1.12a), the six-fold 
degeneracy of the conduction band splits into two-fold and four-fold degenerate valleys 
(Fig. 1.15) [40]. The energy level of the two valleys perpendicular to the growth plane 
(Δ2) is lowered with respect to the energy level of the four in-plane valleys (Δ4) by ~ 67 
meV per 10% Ge in the SRB [41]. This causes reduced inter-valley scattering and 
preferential occupation of electrons in the Δ2 valleys where they experience lower m
*
. 
This enhances the electron mobility in strained Si n-MOSFETs (equation 1.4). The 
lowering of the conduction band and the magnitude of strain are a function of Ge 
content in the underlying SRB. The effect of increasing Ge on the energy band 










Figure 1.14 Constant-energy surfaces representing the conduction band minima 
through six ellipsoids for Si and eight half-ellipsoids for Ge [39]. 
Figure 1.13 Energy bands in Si and Ge showing their respective direct and 







Electrical characteristics of strained Si n-MOSFETs have been extensively studied 






 have been reported in tensile 
strained-Si channels [42, 43]. Strain induced conduction band lowering also leads to 
Figure 1.16 Energy band alignments between strained Si and Si1-xGex [20]. 
Figure 1.15 Effect of biaxial tensile strain on (a) conduction and (b) valence 
bands in strained Si [40]. SO signifies the split-off band which measures the spin 
orbit splitting energy from the valence band maxima. 
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lower Vt in strained Si devices compared with Si control devices [44, 45]. Additionally, 
improvements in the on-state drive current [46, 47], Jg [48-50] and short channel effects 
comparable with bulk-Si channels [51, 52] have also been reported by different groups. 
The rate of strain induced valence band splitting in tensile strained Si is lower than in 
the conduction band [53] and is roughly equal to 40 meV per 10% Ge [54, 55]. This 
means that for any Ge concentration in the SRB, hole mobility in strained Si MOSFETs 
is lower than the electron mobility. Hole mobility enhancement is a strong function of 
Ge content and is drastically lower in p-MOSFETs with Ge content ≤ 20% in the 
underlying Si1-xGex SRB. This is consistent with the observation of μeff similar to bulk 
Si, as reported by Mizuno et. al. for p-type strained-Si grown on Si0.90Ge0.10 [56]. In 
tensile strained Si p-MOSFETs hole mobility has been found to be a strong function of 
the gate overdrive [20]. The gate overdrive is the value of Vg in excess of Vt and is 
mathematically represented as Vg-Vt. High Ge content p-MOSFETs exhibit 
comparatively higher values of effective electric field (Eeff) at which μeff peaks. Beyond 
Eeff = 0.35-0.5 MV/cm, hole mobility enhancements begin to reduce [57-59]. At Eeff ≈ 1 
MVcm
-1
 nearly all improvements in hole mobility are lost [60]. This reduction in hole 
mobility at high fields in p-MOSFETs is attributed to reduced splitting between the LH 
and HH bands at high fields due to increased carrier confinement at the strained-Si/SiO2 
interface [56]. Increased surface confinement prefers occupation in the HH band [61] 
while strain prefers occupation in the LH band. This competing effect of strain and 
surface confinement reduces the hole mobility at high fields in strained Si p-MOSFETs.  
Electron mobility in strained-Si n-MOSFETs has been found to saturate at a tensile 
strain of ~ 0.8%, corresponding to 20% of Ge in the underlying SRB [62]. However, 
enhancement in hole mobility in p-type strained-Si MOSFETs can be observed for Ge 
concentration as high as 70%. This difference in hole and electron mobility 
enhancement is attributed to the lower rate of strain-induced valence band splitting and 
to the fact that biaxial tension alters the shape of the valence bands, whereas the 
conduction band shape remains unchanged [53]. These differences in the mobility of 
electrons and holes in strained-Si pose a problem for CMOS circuits which require 
complementary devices with identical performance. 
In order to compensate for the lower levels of hole mobility in biaxial tensile strained 
Si, compressively strained SiGe and Ge channels are employed. According to 
Braunstein, it is known that the energy band structure of Si1-xGex is similar to that of Si 
as long as the Ge concentration in the alloy is under 85% (i.e. x ≤ 0.85) [63]. Strain 
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induced splitting of the LH-HH bands shifts the LH bands lower on the energy scale. 
This results in preferential occupation by holes in the low effective mass LH bands, 
thereby boosting hole mobility (equation 1.4). Fig. 1.17 shows the energy band structure 
for compressively strained SiGe [64]. For thin SiGe films grown on bulk-Si (which has 
a lower lattice constant than SiGe) the band offset falls almost entirely in the valence 
band. Therefore, the SiGe/Si heterojunction can be used to confine holes in a quantum 
well channel [65]. This hole confinement (defined as the concentration of holes for a 
given range of energies) increases with Ge content in the SiGe channel [66]. Electrical 
performance enhancements including high hole mobility and low Vt in devices which 
employ compressively strained SiGe channels are well documented [67-71]. Hole 






 at room temperature has been reported from 
compressively strained SiGe channel devices [37, 72]. 
 
 
Incorporation of strain engineering is primarily aimed at mobility and drive current 
enhancement. However, it also affects other parameters such as Vt, low frequency noise 
and gate dielectric quality and reliability. In particular, strain has shown great potential 
to improve Jg compared with bulk-Si [22, 73]. In experimental studies maximum 
Figure 1.17 Effect of biaxial compressive strain on (a) conduction and (b) 
valence bands in strained SiGe [64]. 
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improvement in Jg is not achieved. A general understanding that surface roughness and 
morphology affects strain induced improvements in Jg has only been achieved so far 
[74, 75]. Hence effect of strain on different parameters is regularly studied in order to 
maximise potential enhancements. 
This thesis presents nanoscale analysis of the quality and reliability of thin gate 
dielectrics (< 3 nm) in high carrier mobility strained Si/SiGe devices. 
 
1.3.2 Morphology of strained Si/SiGe and other semiconductors 
Incorporation of Ge to produce strain requires alterations in device processing. Ge 
has different material properties than Si and this plays an important role in devices 
which require SiGe templates. Most of the challenges associated with the use of 
SiGe/Ge are related to its material quality. SiGe SRBs on Si are of great significance 
when strained Si devices and integration of III-V materials with Si processes are 
required. Growth of compositionally graded SiGe SRBs (few microns thick) on Si at 
high temperature with low levels of threading dislocations has been demonstrated 
before [76, 77]. Such SRBs are generally grown by MBE or chemical vapour deposition 
(CVD) and consist of ~ 1 µm thick uniform Si1-xGex cap layer on top of a nearly micron 
thick compositionally graded layer on Si substrates. These SRBs can be considered as a 
continuum of low mismatched interfaces. Compositionally graded SRBs relax through a 
gliding network of misfit dislocations. These misfit dislocations glide towards the 
surface through threading dislocation arms [78]. Due to the low mismatch between 
subsequent interfaces, the number of misfit dislocations required for relaxation is low. 
In-homogenous strain fields associated with misfit dislocations lead to non-uniform 
growth rates which causes large scale crosshatch surface undulations [76], as shown in 
Fig. 1.18 [79]. Subsequent growth of epitaxial layers on top of SiGe results in surface 
propagation of this crosshatch morphology. For SiGe SRBs with crosshatch 
morphology, surface roughness generally increases with grading rate and final Ge 
concentration [76]. Due to their final thickness (~ few microns) and high surface 
roughness (Fig. 1.18), compositionally graded SRBs in this thesis are also referred to as 
thick or rough SRBs. 
Another method of growing SiGe SRBs employs relaxation through dislocation 
nucleation assisted by point defects [80]. An initial low temperature MBE growth stage 
causes a high supersaturation of point defects. Relaxation occurs through these point 
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defects during the second stage of growth which is carried out at a relatively high 
temperature. The degree of relaxation varies inversely with the temperature of the initial 
growth stage [80].  Such SRBs are only a few 100’s of nm thick and do not exhibit any 
crosshatch pattern and have surface roughness lower than the rough SRBs as shown in 
Fig. 1.19 [79]. Hence in this thesis such SRBs are also referred to as thin or smooth 
SRBs. However, even with reduced roughness, smooth SRBs are rougher than 
atomically flat bulk-Si substrates.  
The surface morphology shown in Fig. 1.18 shows the typical root mean square 
(rms) roughness values ~ 5 nm in a rough SRB wafer. The amplitude of the crosshatch 
undulations i.e., the distance between the maximum and minimum surface height (Δp-v) 
can reach 25 nm and the typical distance between consecutive surface peaks (λp) is 
several microns. In contrast, smooth SRBs (Fig. 1.19) exhibit a smoother surface and 
consistently exhibit rms roughness < 2 nm, with Δp-v < 10 nm and λp ~ 400 nm. 
Point defects which relax strain in smooth SRBs do not glide like misfit dislocations 
and are located at their point of origin during subsequent growth and can accumulate to 
form plane defects. In rough SRBs, misfit dislocations can glide (due to graded growth) 
to the edge of the wafer where threading dislocation arms may not exist. Consequently, 
the density of threading dislocations in smooth SRBs can be higher compared with the 
rough SRBs (see section 2.2.3). 
 
Figure 1.18 Crosshatch surface morphology of a thick (rough) SRB grown by 




Similar to relaxed SiGe layers, epitaxially grown strained SiGe thin films can also 
exhibit varying morphologies and surface roughness depending on strain, layer 
thickness and processing conditions. Compressively strained SiGe films grown on Si 
{001} substrates have often exhibited periodic ripples aligned in orthogonal {100} 
directions parallel to the interface [81] or island-like patterns [82]. Ware et al. have 
demonstrated strain induced surface corrugations and ripples from 10 nm thick fully 
strained Si0.7Ge0.3 layers grown on Si substrates [83]. Increased surface roughness and 
reduced mobility due to the compressively strained buried SiGe layers in dual and tri 
channel strained Si/SiGe devices have also been demonstrated [84]. Increase in Jg is 
also believed to be affected by surface roughness induced by compressively strained 
SiGe [85]. 
The morphological quality of strained Si/SiGe films is also affected by the layer 
thickness. Above a certain critical thickness (hc), dislocation nucleation is energetically 
favoured. Strained layers which exceed their hc experience strain relaxation through a 
network of misfit dislocations. Due to the 4.2% lattice mismatch between Si and Ge, hc 
reduces with increasing Ge content. This inverse dependence of hc on Ge content has 
been extensively studied before [86-91] and is shown in Fig. 1.20. Consequently the 
Figure 1.19 Surface morphology of a thin (smooth) SRB grown by the low-
temperature method. The roughness is reduced compared with the conventional 
SRB growth [79]. 
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level of strain (and hence mobility) is dependent on the thickness of the strained SiGe 
channel. If the critical thickness of epitaxial SiGe layers is exceeded, small to large 




There are different levels of surface roughness associated with SiGe epitaxy. These 
can be identified as: 
a. Macro-roughness or large scale undulations, which results from misfit 
dislocation driven strain relaxation. Crosshatch morphology is a result of 
Figure 1.20 Critical thicknesses (hc) for strained Si1-xGex layers grown on Si, as 
a function of Ge content, as reported by Bean et al. [86] (open circles with error 
bars), Mathews and Blakeslee [87] (dot-dashed line), Van der Merwe [88] 




large scale surface roughening. λp is of the order of few microns (e.g., Fig. 
1.18). 
b. Micro-roughness or mid-scale undulations, which results due to strain 
relaxation mechanisms in strained films. Partial relaxation of strain energy 
through re-arrangement of surface mass results in surface perturbations such 
as ripples and islands. λp is of the order of few 100’s of nm. 
c. Nanoroughness or atomic scale undulations, related to the topography of the 
top-most atomic layer. Nanoroughness may also be a secondary effect of 
large scale crosshatch roughness with steep slopes being prone to developing 
higher levels of nanoroughness. λp is of the order of few 10’s of nm. 
 
In addition to strained Si/SiGe, heteroepitaxial strained III-V semiconductors such as 
GaAs, GaAsP and InGaAs also exhibit crosshatched surface morphology [93-96]. The 
impact of surface morphology on electrical performance in strained Si/SiGe devices is 
also likely to be extended to these other heterostructures. 
 
1.4 Gate dielectrics on strained Si/SiGe 
Introduction of dielectrics on new materials can be a challenging task as electrical 
performance and reliability can vary. Gate dielectric performance in strained Si/SiGe 
devices is generally different compared with bulk-Si devices. 
 
1.4.1 Scaled dielectrics 
The gate dielectric is a critical layer in a MOSFET as it confines charge carriers in 
the channel. Thermally grown SiO2 has excellent thickness uniformity and thermal 
stability. However, in order to avoid short channel effects, SiO2 has been scaled down to 
a thickness < 1 nm. This thickness is lower than the 3 nm limit for direct tunnelling to 
occur [97]. For such ultra-thin gate dielectrics, Jg increases manifold and this affects 
power consumption and heat dissipation. One of the major constraints to scaling is the 
level of tunnelling currents through the gate dielectric. Gate leakage constitutes 40-50% 
of all power consumed in the 65 nm generation, and this figure grows to 60-70% for 
devices processed under the 45 nm node [98]. Large levels of Jg can also affect the 
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accuracy of some characterisation techniques. For example, low frequency capacitance-
voltage (C-V) measurements are severely affected by leakage currents [97]. 
Strain engineering can assist aggressive CMOS scaling by increasing carrier mobility 
and drive current. 
 
1.4.2 Incorporation of high-κ dielectrics in strained devices 
High quality gate dielectrics are paramount if MOSFETs with high performance and 
reliability are to be realised. There is a growing need for alternate dielectric materials. 
However, replacement of SiO2 with another dielectric increases process complexity. 
SiO2 is the native oxide of Si which can be grown by thermal oxidation of Si and has 
been the traditional material choice for the gate dielectric. In spite of the improvements 
in Jg and increased scope for scalability, the interface and bulk charge densities are 
usually higher in high-κ dielectrics than in SiO2. High-κ dielectrics such as HfO2 can 
result in the formation of interfacial silicates and oxides which degrade the gate stack 
quality by increasing trapped charges [99, 100]. Furthermore, beyond a certain post 
deposition annealing temperature serious crystallisation of high-κ dielectrics can lead to 
an increase in Jg [101].  
Strained SiGe devices generally use high-κ dielectrics and incorporate a thin Si cap 
between the dielectric and the substrate to improve the interface quality. However, this 
Si cap which is usually very thin can get partially or completely consumed during 
oxidation. The thickness of the Si cap can be increased to compensate for consumption 
during oxidation. However, a thick Si cap is capable of behaving as a parasitic channel 
especially at high fields [102]. A thin Si cap may not be able to mitigate the effect of 
interface roughness. Consequently, the thickness of the Si cap has been optimised for 
strained SiGe devices and is generally < 5 nm. For poly-Si/high-κ gate stacks another 
significant problem is that of Fermi-level pinning [103] which results in high values of 
Vt. This is unsuitable for high performance and low power applications which require 
high gate overdrive. In order to have more control over Vt, metal/high-κ gate stacks 
have been implemented. However, metal electrodes can affect the gate dielectric 




1.4.3 Dielectric quality and reliability in strained Si/SiGe devices 
Theoretically, strain induced alterations in the band structure and carrier effective 
mass in the dielectric are expected to reduce Jg [22, 73]. In practice however, different 
trends in Jg with strain have been reported. According to [22], both improvement and 
degradation in Jg with strain can be expected depending on the nature of strain and 
charge carriers considered. Gate current increases for p-channel and reduces for n-
channel Si transistors under uniaxial tensile stress [104]. For strained Si n-MOSFETs, Jg 
increases at lower fields and reduces at higher fields compared with unstrained devices 
[74]. Hole tunnelling current in p-MOSFETs was found to reduce for uniaxial and 
biaxial compressive stress while it increased for biaxial tensile strain [105]. According 
to Hsieh et al., variation in Jg with strain can be used to estimate the level of strain 
[106]. 
Bulk and interface trapped charges are often higher in strained devices compared 
with their unstrained counterparts [75, 107, 108]. This can lead to increased trap 
assisted tunnelling at low fields [74]. Different factors including, increased out-diffused 
Ge [109], threading dislocations reaching the channel [110] and surface roughness [111, 
112] are believed to contribute to increased dielectric charges in strained Si/SiGe 
devices. Significant analysis of strained materials and devices in the past has focussed 
on device-level performance, effect of Ge, chemical interactions, bonding and interface 
quality. However, the impact of morphological fluctuations on gate dielectric 
performance is not well understood. 
 
1.4.4 Surface morphology and dielectric performance on strained Si/SiGe and 
other semiconductors 
Bulk-Si is atomically flat, however strained Si/SiGe layers can exhibit a wide variety 
of morphological features such as ripples, islands, and small to large scale undulations 
(section 1.3.2). 
Deterioration of surface morphology is known to impact electrical performance and 
reliability characteristics in bulk-Si devices. Jg, time to breakdown and charge to 
breakdown are significantly degraded with an increase in surface roughness of bulk-Si 
channels [113-116]. Surface roughness scattering is also the dominant mobility limiting 
mechanism at high electric fields (Fig. 1.4). 
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For strained Si MOSFETs, nanoroughness associated with the top-most atomic layer 
and micro corrugations on the surface can affect the flow of charge carriers, thereby 
reducing mobility [117]. Sugii et al. have demonstrated improved performance from 
strained Si MOSFETs fabricated on chemical-mechanical polished SiGe SRBs [118]. 
Degraded device and dielectric performance from strained Si channels grown on rough 
SRBs with crosshatch morphology has been reported before [75, 111, 119, 120]. The 
dominating lengths of the various types of roughness are significantly greater than those 
in bulk Si, ranging from several tens of nm to µm (section 1.3.2). Consequently, there is 
little understanding why such large scale roughness appears to play such an important 
role in dielectric properties.  
Recently it has been shown that thermally grown SiO2 on 3C-SiC and 4H-SiC 
exhibits preferential breakdown in the vicinity of step-bunching edges due to local 
concentration of electric field in these regions [121, 122]. According to Jung et al., 
addition of Zr to HfO2 dielectric can improve reliability characteristics due to 
morphological improvements in fully crystallised ZrO2 compared with HfO2 [123]. 
Grain boundaries associated with the surface of rare earth oxides such as Gd2O3 and 
Y2O3 enhance Jg in poly-Si gate devices employing such dielectrics [124]. Incorporation 
of an interstitial SiO2 layer between HfO2 and Si-substrate improves electrical 
performance by improving surface morphology [125]. 
In summary, it is evident that surface roughness and morphology of semiconductor 
channels affects dielectric performance and reliability. To ensure that the performance 
of gate dielectrics on various emerging substrate and channel materials is not 
compromised, design and process parameters require optimisation. This requires a good 
understanding of the influence of localised morphological features on dielectric 
performance and reliability. 
In this thesis, the morphological influence of the underlying strained Si/SiGe layers 
on nanoscale dielectric performance and reliability has been studied. During processing, 
the substrate surface morphology can be modified. Therefore, techniques have been 
developed to characterise devices on a nanoscale. To validate the techniques, nanoscale 
results have been compared with macroscopic data and trends from the same devices. 
The methods developed are suitable for a wide range of semiconductor material 




1.5 Metrology challenges for emerging materials and devices 
Conventionally devices have been studied using macroscopic techniques where 
conductive probes characterise the devices through large metal contact pads. Such 
techniques have been extensively developed over time and have provided reliable 
results. However, the trends provided by such device level techniques are indicative of 
the entire area under study. Such techniques cannot determine the localised electrical 
signatures and thus performance from different regions. In order to obtain localised 
behaviour, it is necessary that analysis be performed directly at the region of interest. 
This requires characterisation techniques which can probe directly at the nanoscale. 
Optimisation of design and growth parameters is not possible until it is known how 
specific material properties affect electrical performance. 
The rapid introduction of new materials, reduced feature size and new device 
structures continues to challenge reliable and successful characterisation of materials 
and devices. Metrology methods must routinely measure near and at atomic scale 
dimensions which requires a thorough understanding of nanoscale materials and of the 
physics involved in making the measurement [15]. New materials add to the complexity 
of measurements. Efficient metrology techniques can reduce the cost of manufacturing 
and time-to-market for new devices. Consequently, it may not be possible to 
characterise novel materials and device structures by existing conventional 
measurement techniques. There is a growing emphasis that active areas on fully 
processed devices be measured instead of test structures. 
 
1.5.1 Strained Si/SiGe and need for novel metrology techniques 
Gate dielectric metrology becomes even more complex when strained Si and Ge 
channel structures are used as the starting material instead of bulk Si or silicon on 
insulator (SOI) wafers. According to the ITRS 2011 report [15], irrespective of how 
strained Si is grown, its metrology is crucial with a large numbers of parameters to be 
controlled: 1) thickness and Ge profile of the SiGe SRB, 2) thickness of the strained Si 
channel, 3) roughness of the Si/SiGe interface and the Si surface, 4) magnitude and 
local variation of stress in the Si channel, 5) threading dislocation density in the Si 
channel, 6) density of other defects, such as twins, dislocation pile-ups, or misfit 
dislocations, particularly at the SiGe/Si channel interface, and 7) distribution of dopants 
in channel and SRB (particularly after thermal annealing). 
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Usually microscopy imaging is the first step in the “being able to see it, measure it, 
and control it” chain [15]. There is a need for characterising the structure and local 
properties of current CMOS devices as they scale down in size, as well as for 
anticipating the metrology requirements of post CMOS device technologies. High 
resolution microscopy techniques which are capable of measuring at the nanoscale are 
expected to play a vital role in meeting future metrology challenges associated with 
emerging materials and devices. 
 
1.5.2 Scanning probe microscopy 
Scanning probe microscopy (SPM) is the name given to the family of techniques 
where a sharp tip scans across the surface of interest to obtain two or three dimensional 
images of the surface. Such techniques are generally non-destructive and have a high 
lateral and vertical resolution. The scanning tunnelling microscope (STM) invented in 
1982 [126] was the original application of SPM. In STM, a very sharp conductive tip 
scans across the surface of the sample. Although it can image at atomic resolution its 
use is only limited to conductive samples.  
In 1986, the atomic force microscope (AFM) which is capable of imaging the 
surfaces of insulating layers was introduced by Binnig et al. [127]. Over the years, the 
AFM has developed into a highly useful instrument capable of providing important 
insights in the fields of surface science, electrochemistry, biology and semiconductors. 
The AFM operates by measuring the force between the probe and the sample. This force 
depends on the material properties, distance between the probe and the sample, probe 
geometry, and surface contamination. 
The schematic representation of the AFM setup is shown in Fig. 1.21. A sharp probe 
tip is mounted at the end of a cantilever. As the distance between the atoms at the tip 
and the atoms on the surface of the sample becomes shorter, these atoms interact with 
each other. When the distance between the tip and the surface atoms is very short, the 
interactive force is repulsive in nature due to electrostatic repulsion. When the distance 
gets relatively longer, the interactive force becomes attractive due to the long range van 
der Waals forces. Conventional AFMs use a piezo tube scanner below the sample which 
is responsible for movement in all the three directions. This results in a non-orthogonal 
relationship between the three axes which causes cross talk and non-linearity.  The XE-
150 AFM from Park systems used for analysis in this thesis has two separate scanners, 
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x-y scanner which scans the surface in two-dimensional space and z-scanner which 
moves the tip in the z direction. The information detected by the two independent 




The AFM can be operated in different modes which are: 
a. Contact mode. The probe tip is in soft contact with the surface during the entire 
duration of the scan. The repulsive force between the sample and the probe tip is 
utilised to study the topography. The spring constant of the cantilever is 
sufficiently small to allow it to react to minute force changes of the order of few 
nN. The interaction between the inter-atomic forces can bend or deflect the 
cantilever depending on the curvature of the region under study. This deflection 
of the cantilever deflects the laser from the back of the cantilever which is then 
steered through a set of mirrors on to a position sensitive photo detector (PSPD), 
as shown in Fig. 1.21. The cantilever deflection (which varies with surface 
topography) is quantified by the position of the deflected laser on the PSPD. 
This enables the control system to generate a map of the surface topography. 
The PSPD forms a feedback loop which controls the vertical movement of the 
scanner as the cantilever moves across the surface. The contact mode of 
measurement is commonly used for hard surfaces which do not get deformed by 
the AFM probe tip.  
Figure 1.21 Schematic representation of the AFM measurement setup. 
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b. Non-contact mode. The attractive van der Waals forces are utilised while 
recording the topography in non-contact mode. Due to the weak attractive forces 
the deflection or bending of the cantilever cannot be measured directly. The tip 
is given a small oscillation and ac detection methods are used to detect the weak 
forces between the tip and the sample surface. The changes in the phase or 
vibration amplitude of the cantilever due to weak attractive forces are detected. 
A non-contact cantilever has a resonant frequency (f0) between 100 kHz and 400 
kHz and vibration amplitude of a few nanometres. Due to the tip-sample 
attractive force, a cantilever vibration at its resonant frequency near the sample 
surface causes its spring constant to change. The resulting effective spring 
constant (keff) is related to the intrinsic spring constant (ko) by the following 
expression:  
          
   1.6 
where,     
  
 
  is the force gradient and is positive. The value of keff becomes 
smaller with increasing interaction (i.e., reducing distance) between the tip and 
the sample. The resonant frequency of the cantilever also shifts (from f0 to feff, as 
shown in Fig. 1.22) during atomic interactions in accordance with: 
     
  
           
  1.7 
where, mcantilever is the mass of the cantilever. 
The cantilever is vibrated at a frequency, f1 (slightly higher than f0) where a 
steep slope is observed in the graph of frequency vs. amplitude (Fig. 1.22). This 
results in a large change in amplitude (ΔA) even if the change in the resonant 
frequency (due to atomic attractions) is very small. This change in amplitude 
reflects the change in the distance between the tip and the sample (due to surface 
topography) during imaging. The change in resonant frequency or ΔA is 
measured and a non-contact feedback loop is established which compensates the 
changes in the tip-sample distance during scanning. By maintaining constant 
amplitude (A0) and tip-sample distance, non-contact mode can record the surface 
topography of the sample without requiring physical contact with the sample 
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surface. Non-contact mode is highly suitable for soft biological samples which 
can get easily modified or damaged by the probe tip. 
 
c. Tapping mode. The probe tip makes intermittent contact with the sample thereby 
providing high resolution without dragging the tip across the surface. As the 
oscillating tip touches the surface the amplitude of oscillation changes and this 
change is monitored to measure the surface features. Tapping mode works well 
for soft, adhesive, or fragile samples which can get easily damaged. The XE-150 





The AFM has now become a standard technique when morphological assessments 
are required. Vertical resolution of 1 Å and lateral resolution of ~ 5 nm can be routinely 
obtained [128]. Possibility of non-destructive high resolution imaging has made the 
AFM an attractive option for ‘in-line’ surface roughness and defect density monitoring 
[129]. The AFM has found applications at various stages of semiconductor device 
fabrication, from the Czochralski-grown bulk silicon [130] to the investigation of 
surface roughness on polished [131], etched [132], oxidised [116] and metallised [133] 
surfaces. The AFM can also be used to monitor the development of new etch resists 
[134] and to monitor the growth of epitaxial layers [135]. It can also be used to 
Figure 1.22 Shift in the non-contact AFM tip resonance curve due to variations 
in surface morphology. 
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investigate sub-surface structures by cleaving a semiconductor wafer and analysing the 
cleaved surface [136]. 
 
1.5.3 Electrical SPM techniques 
SPM techniques are an important tool for characterizing at the nanoscale and find 
their primary application in recording topography. However, when combined with 
additional electrical setup these techniques can provide vital insight into the localized 
electrical phenomenon in semiconductor devices which are getting scaled continuously. 
In addition to scaled devices, electrical SPM techniques find application in 
characterizing new dielectrics other than SiO2 as such dielectrics are usually associated 
with distinct morphologies which may affect electrical performance. Understanding of 
localized topographical features is paramount if acceptable leakage, lifetime and 
reliability are to be realized. Owing to its high spatial resolution, AFM coupled with 
additional electrical setup has been used for analyzing different dielectric related 
parameters including nanoscale Jg [137, 138], post breakdown behaviour [139, 140], 
dielectric thickness [141], and dielectric/semiconductor interface quality [142, 143]. 
In this work, two electrical variants of AFM based SPM techniques: C-AFM and 
SCM have been used. An in-depth analysis of the gate dielectric and its interface with 
the underlying semiconductor has been carried out. The detailed working of C-AFM 
and SCM measurement setups is explained in sections 2.5.1 and 3.3.1 respectively. 
 
 1.6 Other characterisation techniques 
In addition to AFM based characterisation, other techniques have also been used in 
this work to study material and electrical properties of dielectrics and strained layers. 
These are now discussed. 
 
1.6.1 Raman spectroscopy 
Raman spectroscopy is based on the Raman effect first reported in 1928 [144]. 
According to this effect, when light particles or photons are scattered from the surface 
of a sample, a very small portion (few parts per million) of these photons exhibit a 
change from the incident wavelength and holds the information about different material 
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properties. This weak inelastic scattering is also known as Raman scattering. The shift 
in energy level (due to inelastic Raman scattering) is usually referred to as Raman shift 
or wavenumber shift. This shift is sensitive to material properties like chemical 
composition, crystal orientation, crystallinity and strain. 
Strain in Si/SiGe heterostructures has been extensively studied using Raman 
spectroscopy [145-148]. Fig. 1.23 compares the Si-Si lattice vibrations from bulk Si, 
poly-Si, tensile strained Si on a Si0.8Ge0.2 SRB and compressively strained Si0.5Ge0.5 on 
bulk Si. It can be seen that the Raman spectra of poly-Si and strained Si are different 




1.6.2 Scanning electron microscopy (SEM) and energy-dispersive x-ray 
spectroscopy (EDX) 
SEM is a high resolution imaging technique in which a focussed electron beam 
incident on the sample reveals information about topography, chemical composition and 
crystalline structure. Scattering of incident electrons may be inelastic (resulting in 
secondary electrons) or elastic (resulting in back-scattered electrons). Secondary 
electrons form the conventional SEM image revealing information about topography. 
Back-scattered electrons are useful for obtaining contrasting images of multi-layered 
structures. Additionally, SEM analysis also produces X-rays (which may be used for 
Figure 1.23 Raman spectra showing the Si-Si vibrations in bulk Si, poly-Si, 
tensile strained Si and compressively strained SiGe. 
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elemental analysis), cathodoluminescence and heat. SEM is generally non-destructive, 
however, cross-sectional analysis of multi-layered structures may render the sample un-
usable after cleaving. Insulating samples may charge during SEM imaging causing 
image artefacts. To avoid this, insulating samples are generally coated with electrically 
conductive materials such as gold. Although SEM imaging can be repeatedly carried 
out, conductive coating may not allow further surface characterisation using other 
techniques. 
EDX is usually attached to the SEM equipment to allow for elemental composition 
analysis. The incident electron beam scatters a lower shell electron which is filled by a 
higher shell electron by losing energy. This energy is released in the form of x-rays and 
is characteristic of the atom which produced it. Consequently, these x-rays are analysed 
to extract information about the elemental composition. 
Physical and chemical characterisation of strained Si/SiGe layers using electron 
based spectroscopy techniques such as SEM and EDX has been carried out previously 
[149-151].  
 
1.6.3 X-ray diffraction (XRD) 
XRD is a non-destructive and non-contact characterisation technique commonly used 
to study the atomic structure of crystalline solids. A monochromatic x-ray beam is 
irradiated on the sample at an angle ω (or θ) and diffracted x-rays are recorded by a 
detector which is placed at an angle 2θ with respect to the incident beam. Hence XRD 
spectra are also referred to as ω-2θ curves. Conditions for constructive interference of 
scattered x-rays (diffraction) to occur are given by Bragg’s law and can be expressed by 
the following equation [97]: 
           1.8 
where, n is an integer, λ is the incident wavelength and d is the lattice constant of the 
crystalline solid. Usually, first order diffraction (n = 1) is studied. As θ is increased to a 
value at which λ = 2dsinθ, a diffraction peak appears. The angular position of this 
diffraction peak is sensitive to the lattice constant, d (i.e. crystal structure). 
Different XRD curves are commonly reported depending on the intended 
requirement. These are rocking curves (X-ray intensity vs. ω), detector scans (X-ray 
intensity vs. 2θ, at a constant ω) and coupled scans (X-ray intensity vs. 2θ, but ω also 
39 
 
changes such that ω=θ). A coupled scan is obtained to determine the Bragg angle, θ 
when lattice mismatch, strain and relaxation are required to be evaluated. XRD has been 
widely used to study strained Si/SiGe layers in order to determine alloy concentration, 
strain and degree of relaxation [92, 152-154]. 
 
1.6.4 X-ray reflectivity (XRR) 
XRR is another non-destructive and non-contact characterisation technique which 
uses X–rays. It is commonly used for assessing density, thickness and roughness of thin 
films. Unlike XRD, XRR can be applied to crystalline as well as amorphous solids. 
XRR involves monitoring of reflected X-rays from the sample at grazing angles. Below 
a certain incident angle, called critical angle (θc) total reflection occurs as x-rays are not 
able to penetrate the surface. For most materials, the value of θc is less than 0.3
°
. In 
accordance with Fresnel’s laws of reflectivity, the reflected intensity reduces rapidly 
with increasing incidence angle. Above θc, X-rays penetrate through the surface and 
reflected x-rays from different interfaces interfere resulting in interference fringes in the 
reflective pattern. Film density is sensitive to θc while the angular spacing between the 
consecutive interference fringes is a measure of film thickness. Consequently, 
interference fringes are commonly referred to as thickness fringes in the XRR spectra. 
Thicker films are usually difficult to measure with XRR as thickness fringes are not 
well defined for such films. There is usually an upper limit of 0.4-0.5 µm on the 
thickness which can be measured by XRR. 
Another important parameter measured by XRR is the surface roughness. A rougher 
surface increases diffuse reflection and reduces specular (mirror like) reflection. This 
causes increased interference from reflected rays and consequently, thickness fringes 
are not well modulated. The slope of the XRR spectra after θc is exceeded is a measure 
of surface and interface roughness. It is usual not to observe any thickness fringes from 
films with a surface roughness of more than 2 nm and hence a nearly constant slope is 
observed for higher values of roughness. Additionally, rougher films make thickness 
characterisation difficult due to the lack of well-defined thickness fringes. 
Thin epitaxial films such as strained Si/SiGe have been regularly characterised using 




1.6.5 Macroscopic electrical analysis 
In order to compare nanoscale observations with device-level data, macroscopic 
electrical analysis has also been carried out. Device-level variation in current (I) and 
capacitance (C) with applied voltage (V) i.e., I-V and C-V analysis has been carried out 
using the parameter and impedance analysers. Details of macroscopic measurements 
have been included in relevant sections. 
 
 1.7 Thesis outline 
The aim of this thesis is to analyse the impact of substrate induced surface 
morphology on the electrical behaviour of overlying gate dielectrics at the nanoscale. 
Localised spatial variations in Jg, breakdown behaviour, thickness and interface trapped 
charge for thin dielectrics on strained Si/SiGe layers are presented. 
In chapter 2, the impact of surface morphology on Jg in fully processed strained Si 
devices is presented. The buried gate dielectric was uncovered by developing reverse 
processing procedures which stopped at the gate dielectric surface. Localised 
morphological features have been related to the simultaneously obtained current images 
from C-AFM. Localised differences in dielectric thickness and breakdown have also 
been studied through individual leakage curves obtained using the spectroscopy mode 
of C-AFM. The techniques were validated by comparison of the macroscopic (device-
level) and nanoscale measurements on the same devices. Good agreement in 
breakdown, leakage, dielectric thickness and reliability was obtained for three sets of 
devices. 
In chapter 3, defects and trap sites at the dielectric/semiconductor interface in 
strained Si devices has been studied using SCM. Variations in trapped charge density 
and VFB have been studied using the scanning and spectroscopic mode of SCM. 
Localised variations have been related to the surface morphology. A good agreement in 
trends for all devices was observed. Interface trap density was evaluated at specific 
regions of the semiconductor substrate.   
In chapter 4, nanoscale Jg (using C-AFM) and interface trap density (using SCM) 
have been studied for thin dielectrics on compressively strained SiGe layers. The impact 
of surface morphology and compressive strain on dielectric performance and reliability 
was studied by varying the Ge content in the SiGe layer (from 0 to 65%). Small scale 
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variations in surface roughness were also characterised using high resolution AFM 
imaging. 
Nanoscale trends in dielectric performance have been shown to be in agreement with 
theory and previously reported macroscopic data. The SCM analysis developed has 
been validated by detecting degradation in dielectric performance with increasing Ge 
content. Other dielectric related defects have also been detected for one of the samples 
which indicate the sensitivity of SCM to study other defects. 
The analysis in chapter 4 shows that while Ge affects performance, improvements in 
epitaxial growth minimises the degradation in performance due to surface roughness.  
Chapter 5 discusses the future work and applications which may benefit from the 
electrical SPM techniques and analysis presented in this thesis. The chapter includes 
interfacial analysis of thin anti-reflective coatings on glass windows. This is followed 
by a brief description of the SCM analysis of standard SiO2/Si samples to allow better 
understanding of its sensitivity. Finally, applications to nanoscale tubular structures are 
discussed.  




Chapter 2. Nanoscale Analysis of Leakage in 
Dielectrics in Strained Silicon Devices 
 
The work in this chapter investigates the effect of substrate induced surface roughness 
on leakage through gate dielectrics on epitaxially grown high mobility strained Si 
channels on relaxed SiGe substrates. Macroscopically, large scale roughness appears to 
affect gate leakage and other dielectric parameters (section 1.4.4). To understand 
precisely the effect of this roughness on the gate dielectric properties, high spatial 
resolution characterisation techniques are used. C-AFM is applied to study gate leakage 
at the nanoscale in fully processed high mobility strained Si n-MOSFETs. This is 
achieved by the selective removal of the gate from the dielectric followed by nanoscale 
C-AFM analysis of the dielectric surface. The removal of the layers in the gate stack 
was verified using Raman spectroscopy, SEM, EDX and C-AFM. A Hertzian contact 
model has been used to account for the AFM tip-sample contact area in order to extract 
leakage current density at the nanoscale. The techniques are applied to strained Si and 
Si control devices with different surface morphologies and macroscopic electrical data. 
 
2.1 Background 
High mobility channels are recognised technology boosters to compensate the loss in 
performance encountered through high-κ dielectrics, heavy doping profiles and 
increased parasitic effects in highly scaled devices. Improvements in µeff, Ids, Vt and Jg 
from strained Si MOSFETs compared with bulk-Si devices have been extensively 
reported before [43, 52, 75, 120, 158-162]. However, device processing and material 
quality affect whether the strain induced theoretical enhancements are realised in 
practice. Dielectric quality and reliability in strained Si devices is not same as bulk-Si 
devices (sections 1.4.3 and 1.4.4). Surface roughness induced by the SiGe SRBs appears 
to have a major impact on Jg and dielectric reliability (section 1.4.4). For devices having 
the same strained Si channel thickness and processed simultaneously, devices fabricated 
on rough SRBs exhibiting the typical crosshatch surface morphology exhibit degraded 
dielectric properties compared with devices fabricated on smoother substrates [75, 120]. 
Although small scale surface roughness is known to affect Jg in bulk Si devices (section 
1.4.4), in strained Si/SiGe devices the dominating lengths of the various types of 
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roughness are significantly greater than those in bulk Si, ranging from several tens of 
nm to µm (section 1.3.2). Rough SRBs with crosshatch undulations can exhibit surface 
roughness of the order of few microns (section 1.3.2). The role of the large scale 
roughness and its effect on dielectric behaviour is required to be understood.  
In order to enable the appropriate modifications to epitaxial growth of Si on SiGe 
buffers for optimal device reliability (which is affected by gate leakage) as well as 
speed, leakage must therefore be analysed at nanoscale and compared directly with the 
underlying surface morphology. Such nanoscale characterisation is in contrast with the 
conventional device level measurements which average out any localised behaviour 
(section 1.5). Nanoscale leakage and reliability studies on dielectrics are commonly 
carried out on blanket materials. However since thermal device processing can modify 
the surface morphology of strained Si/SiGe substrates [163], nanoscale analysis on fully 
processed devices is more helpful to understand the device level behaviour. This 
requires well-controlled layer-by-layer reverse processing of transistors which also 
enables to establish any correlation between macroscopic electrical device 
measurements and nanoscale material properties. 
In this chapter, C-AFM is applied to study gate leakage in fully processed strained Si 
MOSFETs. This was achieved by selective removal of the gate above the dielectric 
using a wet-etch recipe. These nanoscale measurements are then related to the 
underlying substrate morphology. It is shown here that large scale surface undulations 
result in variation in leakage across the crosshatch period. C-AFM in spectroscopy 
mode has also been used to obtain localised leakage curves from different regions of 
interest. Macroscopic device level gate leakage measurements and breakdown 
characteristics are compared with nanoscale measurements from the same devices.  
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2.2 Material growth and device processing 
 
2.2.1 Material Growth 
   The thick (rough) SRBs were grown using the graded composition method at 
Warwick University (UK). Thin (smooth) SRBs were fabricated using the low 
temperature growth method at Stuttgart University (Germany). The differences between 
the two growth methods and the typical surface roughness and morphology have been 
discussed in section 1.3.2. The complete structure of the two SRBs is shown in Fig. 2.1. 
 
 
Rough SRBs were deposited on Si wafers using a linear grading of Ge up to a final 
value of 20%. The graded structure was capped with ~ 1 µm thick Si0.80Ge0.20 layer. The 
final thickness of rough SRBs was nearly 3 μm. For smooth SRBs, the growth 
temperature was reduced from 600 °C to 160 °C during the deposition of an intrinsic Si 
buffer. A 30 nm thick Si0.80Ge0.20 layer was grown at 160 °C to cause supersaturation of 
point defects (section 1.3.2). After this, the growth temperature was increased to 550 °C 
and then to 675 °C to result in smooth SiGe SRBs of final thickness ~ 200 nm. 
Following this, a 15 nm thick strained Si layer was grown on top of the two SRBs at the 
Figure 2.1 Epitaxial structure of (a) smooth and (b) rough SiGe SRBs. 
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KTH Royal Institute of Technology (Sweden). The channel was subjected to a Boron 
implantation dose of        cm-2 at 40 keV followed by another dose of         
cm
-2
 at 140 keV for an intended doping density of ~       cm-3. 
 
2.2.2 Strain and relaxation using Raman spectroscopy 
Relaxation in the two SRBs and strain in the epitaxial strained Si layer were 
determined using Raman spectroscopy. Figs. 2.2 and 2.3 show the Raman spectra 
obtained from the strained Si layers grown on the two SRBs using two different laser 
wavelengths. In total, 10 Raman spectra from strained Si layers on each SRB were 
obtained. The reason for using two different wavelengths was to control the penetration 
depth of the laser. A lower wavelength results in smaller penetration depth [145]. This 
allows accurate characterisation of thin surface films. A laser of high wavelength 
penetrates deeper and allows characterisation of multi-layered stacks. 
 
 
Figure 2.2 Raman spectra obtained from 15 nm thick strained Si layers grown 
on rough and smooth SiGe SRBs. Laser wavelength: 457 nm (visible). Due to 
the higher penetration depth of the laser on Si (> 200 nm), lattice vibrations 





Raman spectra obtained using the 457 nm laser (Fig. 2.2) shows lattice vibrations 
from the strained Si layer as well the SiGe SRBs. This is because a 457 nm visible laser 
on Si penetrates by more than 200 nm [145, 164]. The 364 nm UV laser has a 
penetration depth less than 15 nm when incident on Si. Hence, lattice vibrations from 
the strained Si layer are only observed as shown in Fig. 2.3. The amount of strain (ε) in 
strained Si/SiGe layers can be estimated from the following equations [148, 165]. 
       
            
    
   
   2.1 
 
         
            
            
   
   2.2 
where, εSi and εSiGe are the values of strain in Si and SiGe layers respectively,       
     and 
      
       are the Raman peak positions of Si-Si lattice vibrations in strained Si and SiGe 
layers respectively, and x is the amount of Ge in the SiGe SRB. 
Figure 2.3 Raman spectra obtained from 15 nm thick strained Si layers grown 
on rough and smooth SiGe SRBs. Laser wavelength: 364 nm (ultra-violet, UV). 
Due to the lower penetration depth of the laser on Si (< 15 nm), lattice 
vibrations from the SiGe SRBs are not observed. 
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Calculation of the degree of relaxation in the underlying SRBs requires that the in-
plane lattice constant of the SiGe layers (     
 ) is known. Once εSiGe has been obtained 
using equation 2.2,      
  can be calculated from the following equation [166]: 
         
     
       
     
   2.3 
where, aSiGe is the average lattice constant of a fully relaxed SiGe layer which varies 
with the amount of Ge (x) and can be written as [92]: 
                             
   2.4 
 Following this, the degree of relaxation in the SiGe SRBs (    
    ) can be evaluated 
from the following equation [92]: 
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where, aSi (5.4309 Å ) is the average lattice constant of the bulk-Si substrate. 
Similar equations for strain and degree of relaxation in strained Si layers grown on 
SiGe SRBs can be written: 
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where,    
  is the in-plane lattice constant of strained Si. 
Using the Raman spectra in Figs. 2.2 and 2.3 and equations 2.1-2.7, strain in the 
strained Si channel and relaxation in the underlying SiGe SRBs have been calculated. A 
relaxation of ~ 98% has been observed in both the SRBs while the epitaxial strained Si 
layer has a strain of ~ 0.75%. This value of strain agrees well for a fully strained Si 




2.2.3 Dislocation density in the rough and smooth SRBs 
Misfit dislocations which relieve strain in the rough SRBs propagate from the 
interface to the surface through threading dislocations (section 1.3.2). Threading 
dislocation density (TDD) in bulk-Si substrate and the two SRBs was estimated through 
Schimmel defect etching over         μm2 areas. A modified Schimmel etching 
solution (55% vol. CrO3 (0.4 M) and 45% vol. HF (49%) ) was used to enable defect 
etching [78]. Preferential etching by the Schimmel solution reveals dislocations which 
appear as pits as shown by the defect micrographs in Fig. 2.4a-c. Smooth and rough 
SRBs require defects for relieving strain and hence exhibit higher TDD compared with 




Figure 2.4 Micrographs of (a) bulk-Si, (b) rough SRB, (c) smooth SRB following 
Schimmel etching, and (d) variation in defect density. Defect measurements by 
Dr. Enrique Escobedo-Cousin, Newcastle University. 
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Fig. 2.4d also shows that the smooth SRBs exhibit higher TDD compared with the 
rough SRBs. This is possibly because strain relaxes in smooth SRBs through point 
defects which accumulate at their point of growth and do not glide like misfit 
dislocations in rough SRBs (section 1.3.2). For rough SRBs it is possible that misfit 
dislocations glide towards and terminate at the edge of the wafer, thereby reducing 
defect density. 
 
2.2.4 Device processing 
The gate stack consisted of a 2.7 nm SiO2 grown by thermal oxidation at 700 °C and 
annealed in forming gas (N2 + H2) for passivation. This was followed by 150 nm of 





. The source and drain implants used Arsenic and rapid thermal annealing was 
carried out at 950 °C for 30 s for dopant activation. The gate, source and drain areas 
were silicided for reducing the sheet, parasitic, contact, and interconnect resistances in 
these regions. Silicidation used Ni, and resulted in a 20 nm NiSi layer. The devices were 
covered by a 150 nm layer of low temperature oxide (LTO) for device isolation. Si 
control devices were also fabricated and processed alongside the strained Si devices for 
comparison. The cross-sectional MOSFET architecture of the Si control and strained Si 




Figure 2.5 Cross-sectional architecture of (a) Si control and (b) strained Si. 
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2.3 Macroscopic gate leakage and dielectric breakdown 
 
2.3.1 Experimental details 
Macroscopic (device-level) Jg measurements were carried out using the Agilent 
4155C parameter analyzer. The typical gate leakage measurement setup for an n-
MOSFET is shown in Fig. 2.6. The source, drain and substrate are grounded while the 
gate is positively biased. Such measurement setup maximises the accurate component of 
gate leakage current which flows from the gate to the substrate. In total, 5 devices of 
each type (Si control, rough and smooth SRB strained Si) were measured. The area of 
the devices studied was 100 µm
2 
(Lg = Wg = 10 µm). This area was chosen because the 
scale of crosshatch surface roughness associated with rough SRBs is typically a few 
microns (section 1.3.2). 
 
 
The macroscopic oxide electric field (Eox) and the voltage drop across the oxide 
(Vox), can be calculated by using the following equations [97]: 
      
   
   
  2.8 
  




                           2.9 
where, tox is the dielectric thickness, Vpoly is the potential drop in the poly-Si gate and 
Vsub is the potential drop in the semiconductor (Si/strained Si). 
Macroscopic C-V characteristics were obtained using the Agilent 4294A impedance 
analyzer in two-probe configuration (see section 3.2). These were then analysed by the 
CVC software developed at the North Carolina State University [167] to extract tox, VFB, 
Vpoly and Vsub. Once Eox is obtained, Jg can be evaluated with varying Eox. 
Constant high field stressing (at Eox = 18 MVcm
-1
) was performed to induce Fowler-
Nordheim (F-N) leakage until hard breakdown was achieved. Source, drain and 
substrate were grounded during electrical stressing. 
 
2.3.2 Macroscopic gate leakage 
Typical Jg-Eox curves from unstressed Si control and strained Si devices are shown in 
Fig. 2.7. Si control devices show higher Jg compared with both strained Si devices, 
which is in agreement with previous studies [75]. The maximum reduction observed in 
Jg was 31% for smooth SRB strained Si devices over Si control. This improvement was 
reduced to 17% for rough SRB strained Si devices. Such improved leakage behaviour 
from strained Si devices is due to the higher transverse effective mass in the Δ2 valleys 
(preferentially occupied by electrons) and increased electron affinity compared with 
unstrained bulk-Si [22, 73]. Fig. 2.7 also shows that strained Si devices grown on 
smooth SRBs have improved (lower) leakage compared with those on rough SRBs, 
despite having the same levels of strain (section 2.2.2). Differences in tox can also affect 
leakage. However, analysis of C-V data by the CVC software indicated a uniform 
dielectric with tox = 2.7 ± 0.11 nm. It has also been shown before that reduction in TDD 
reduces Jg in high mobility semiconductor devices [168, 169]. However, smooth SRBs 
have exhibited higher TDD compared with rough SRBs (Fig. 2.4). 
Hence, εSi, tox and TDD cannot explain the differences in macroscopic Jg between the 
rough and smooth SRB strained Si devices which exhibit significantly different surface 





2.3.3 Stress induced leakage and dielectric breakdown 
Fig. 2.8 shows the time to hard breakdown for Si control and strained Si devices. 
Strained Si devices with lower surface roughness (smooth SRB) were found to be the 
most resilient to electrical stressing followed by rougher strained devices and Si control 
devices (Fig. 2.8). 
Fig. 2.9 shows Jg-Eox curves from Si control and strained Si devices after hard 
breakdown was achieved. Higher Jg for smooth SRB devices was observed compared 
with the unstressed condition (Fig. 2.9). For Si control and rough SRB devices, hard 
breakdown appears to result in drop in stress current because the compliance limit of the 
equipment was exceeded. This drop in stress current for similar devices has been 
observed before [75]. 
The improved electrical breakdown behaviour for strained Si devices with lower 
surface roughness (smooth SRB) is in agreement with previous reports [75, 170, 171]. 
However, there is a lack of understanding about the role of surface roughness on the 
breakdown of strained Si devices in literature. 
 
Figure 2.7 Gate leakage for the Si control, rough and smooth SRB strained-Si 









Figure 2.9 Gate leakage for the Si control, rough and smooth SRB strained-Si 
devices after breakdown. The drop in Jg post breakdown for Si control and 
rough SRB strained Si devices has been reported before in [75]. 
Figure 2.8 Typical time to hard breakdown for Si control, rough, and smooth 





2.4 Reverse processing the gate stack 
In order to relate the device-level response to the surface morphology, gate de-
processing was carried out to allow a comparison of surface roughness and gate 
dielectric leakage on a nanoscale. Layers above the thin SiO2 gate dielectric (LTO, NiSi 
and poly-Si) were etched without damaging the dielectric surface to enable C-AFM 
measurements to be performed on macroscopically measured devices. 
Gate reverse processing was carried out using hydrofluoric acid (HF) (10:1) for 75 s 
which removed isolation above the gate (LTO) and NiSi. Poly-Si was removed using 
poly-etch (HNO3:H2O:HF, 50:20:1) for 5 s followed by 10% potassium hydroxide 
(KOH) solution for 5 minutes. The intermediate etch step of poly-etch was required as 
KOH was not able to etch poly-Si after HF etching. This was possibly due to the 
formation of a KOH resistant layer due to the reaction between HF and NiSi. The poly-
etch itself can be used to remove poly-Si [172], however, it is highly acidic and its etch 
selectivity against SiO2 is poor compared with KOH [173]. All etching was carried out 
at room temperature. 
Fig. 2.10 shows a cross-sectional SEM image of a smooth SRB strained Si device 
before the de-processing. Raman spectroscopy (using a 364 nm UV laser) was primarily 
used to systematically monitor the removal of layers (LTO, NiSi and poly-Si) during the 




Figure 2.10 Cross-sectional SEM image of a 10 x 10 μm2 strained Si MOSFET 
device on a smooth SRB. 
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2.4.1 Removal of LTO and NiSi 
Fig. 2.11 shows the Raman spectra taken on the gate region before and after HF 
etching. The spectrum corresponding to the unetched device features characteristic 
peaks of NiSi around the 200 and 300 cm
-1
 wavenumber region, indicating the presence 
of NiSi [174, 175]. These peaks disappear after 75 s of HF etch, indicating removal of 
NiSi. Reduction in background intensity associated with the presence of NiSi after HF 
etching is another indicator of NiSi removal. Removal of LTO and NiSi is further 
confirmed by the SEM image taken after 90 seconds of HF (10:1) etching, as shown in 
Fig. 2.12. A ~ 200 nm thick grainy layer resembling poly-Si is observed after HF 
etching. The thickness of ~ 200 nm for poly-Si (Fig. 2.12) is higher than the initial 
thickness of 150 nm (Fig. 2.10). This difference may be due to the gold coating on the 
sample which was required for SEM imaging. 
The SEM measurement setup had an attached X-ray spectrometer which allowed 
EDX measurements. Elemental compositions of different layers in the gate stack and 
the substrate were studied before and after HF etching. The spatial resolution of EDX is 
dictated by the penetration depth and the spread of the incident electron beam which 
vary with the density of the sample under study. A penetration depth and a spot size of 
1-2 µm can be typically observed. 
The relative atomic concentration of various elements in a smooth SRB strained Si 
device measured by EDX is shown in Fig. 2.13. It can be observed that after HF 
etching, Ni is not observed at all confirming removal of NiSi. The concentration of 
oxygen also reduces which is due to the etching of the thick layer of LTO, however, 
some native oxide and the gate oxide are still present. Owing to the large penetration 
depth (1-2 µm), presence of Si and Ge is also recorded. Since Si and Ge are not etched 
by HF, their relative concentrations show an increase after HF etching (Fig. 2.13). The 
presence of Al on gate (although very small amounts) is possibly due to surface 
contamination. HF etching and subsequent rinse with DI water removes surface 













Figure 2.12 Cross-sectional SEM image of a 10 x 10 μm2 smooth SRB strained 
Si device obtained after 90 s of HF (10:1) etching. Poly-Si is observed indicating 
that the gate stack is still intact with LTO and NiSi removed. 





2.4.2 Assessment of poly-Si removal using Raman spectroscopy 
Fig. 2.14 presents a comparison of Raman spectra measured on the gate region 
before, during and after full gate de-processing i.e. after LTO, NiSi and poly-Si removal 
on a Si control (Fig. 2.14a) and a smooth SRB strained Si device (Fig. 2.14b). For the Si 
control sample (Fig. 2.14a), un-etched and HF-etched samples exhibit a high intensity 
peak at ~ 518 cm
-1
. This peak is asymmetrically broadened towards the lower side with 
increased half width compared with the bulk Si reference position of 521 cm
-1
 and 
hence represents Si-Si vibrations in poly-Si [176]. The penetration depth of the 364 nm 
UV laser on NiSi is ~ 21 nm which is more than its thickness of 20 nm. Consequently, 
the Si-Si vibrations from poly-Si are also observed in the Raman spectra before and 
after HF etching (Fig. 2.14). 
Following poly-etch and KOH etch, the broad poly-Si peak disappears and a 
comparatively narrower peak at ~ 521 cm
-1
 is observed as shown in Fig. 2.14a. This is 
the expected peak position for Si-Si vibrations in bulk-Si.  Similarly, Fig. 2.14b shows 
disappearance of the broad poly-Si peak and appearance of a comparatively narrower 
peak at ~ 515 cm
-1
. This is the expected peak position for Si-Si vibrations in strained Si 
grown on Si0.80Ge0.20 SRB (Fig. 2.3). From these results it can therefore be concluded 
Figure 2.13 EDX analysis showing relative elemental concentration in a smooth 
SRB strained Si device before and after HF (10:1) etching. 
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that poly-Si has been removed entirely, since in all samples the Raman peak of the gate 
region matches that of the channel material beneath the gate. 
 
 
The change in the Raman peak position for Si-Si vibrations for a strained Si device is 
presented in Fig. 2.15 as a function of the etch process. There is a change of the 518 cm
-
1
 poly-Si peak to the expected position for strained Si (515 cm
-1
) as the poly-Si is 
removed after KOH etching. The strained Si peak position on regions outside the gate 
(field) has also been measured at each etch stage for comparison. The field region is not 
covered by poly-Si and consistently exhibits a peak position at 515 cm
-1 
at every stage 
Figure 2.14 Raman spectra showing the removal of poly-Si in the (a) Si control 
and (b) strained Si gate regions. 
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of etching indicating the presence of the strained Si layer. After complete de-processing 
using HF (10:1) for 75 s followed by 5 s of poly etch and 5 minutes of 10% KOH, the 
peak positions for the gate and field regions converge at 515 cm
-1
. This further confirms 
that the poly-Si has been removed. Five measurements on each gate region for three 
different devices were obtained and included in Fig. 2.15. However due to the same 
peak position at different regions of the gate on the same device these points overlap. In 
contrast, strained Si measured in the field region is very consistent between the devices. 
The data points corresponding to poly-Si show a significant dispersion at every stage of 
the de-processing but when poly-Si was removed all data points show same peak 
position with no dispersion. This is due to the single crystal uniformity of Si/strained Si, 
whereas poly-Si exhibits a wider range of wavenumbers depending on the size of its 
crystallites [177]. The dispersion itself can therefore prove useful in confirming poly-Si 
layer removal. 






Figure 2.15 Variation in Raman peak position with increasing etch time 
measured on a smooth SRB device. 
60 
 
2.4.3 Assessment of poly-Si removal using C-AFM 
C-AFM was also used to detect thin poly-Si residues which may have gone 
undetected by Raman spectroscopy. Fig. 2.16 shows the topography (left) and current 
(right) maps during poly-Si removal in a strained Si device on a rough SRB. The 
crosshatch pattern which was transferred on the surface of the dielectric is evident in 
regions where poly-Si is completely removed. In other areas poly-Si residues appear as 
bright regions in the current map, in contrast with uncovered gate dielectric regions 
which exhibit no current. A low AFM tip-sample bias of 0.2 V was chosen to highlight 
the significant difference in the conductivity of the highly doped poly-Si and the SiO2 
gate dielectric. Further etching was needed after this stage which removed the poly-Si 
residues. Fig. 2.17 shows the topography and current maps after complete removal of 
poly-Si. The crosshatch pattern is clearly visible on the surface of the dielectric. 
Significantly low level of current at a higher voltage (1.5 V) compared with the C-AFM 
image in Fig. 2.16 indicates complete removal of poly-Si and presence of the dielectric. 
Following this, C-AFM I-V traces were obtained at different points on the surface of the 
uncovered gate dielectric and these are shown in Fig. 2.18. It can be seen that the traces 
are typical to that of a dielectric such as SiO2 which breaks at higher voltages. This 
concludes that not only the layers in the gate stack above the gate dielectric have been 
successfully removed, the dielectric is still present. 
 
 
Figure 2.16 Topography and current map from gate region showing incomplete 
poly-Si removal. Large traces of poly-Si are visible in the topography image 







Fig. 2.19 compares the topography of the gate region before and after full gate de-
processing using AFM. After de-processing the metal contacts are removed completely 
and the gate region is below the surrounding LTO, indicating poly-Si removal. The 
surrounding LTO in the field region was ~ 0.5 µm thick and was not completely 
Figure 2.18 I-V traces from 12 random locations across the surface of the gate 
dielectric of a smooth SRB device after successful reverse processing obtained 
using C-AFM in spectroscopy mode. 
Figure 2.17 Topography and current map from gate region after complete 
removal of poly-Si. Significantly low level of current at a higher voltage 
compared with the C-AFM image in Fig. 2.16 indicates complete removal of 
poly-Si and presence of the dielectric. 
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removed during de-processing. Hence, the surrounding LTO was observed as shown in 




2.5 Nanoscale electrical analysis using C-AFM 
 
2.5.1 C-AFM measurement setup 
The XE-150 AFM from Park Systems was used to obtain the topography and 
nanoscale current maps operating in the C-AFM mode. Fig. 2.20 shows the C-AFM 
measurement setup. In addition to the usual components used for recording topography 
(Fig. 1.21), the conductive probe tip is also connected to the AFM controllers through a 
low noise current amplifier to obtain simultaneous current maps. The force between the 
atoms at the sample’s surface and those at the cantilever’s tip deflects the cantilever 
which is monitored to obtain the surface topography (section 1.5.2). Since the tip is 
conductive and connected to a current amplifier, the C-AFM setup is able to respond to 
differences in conductivity across the scanned area. The AFM controller is also used for 
providing the dc bias during measurements which is typically applied through the 
substrate. A slightly doped diamond coated tip has been used for C-AFM 
measurements. The diamond tips have a high mechanical Q-factor for high sensitivity. 
The detector side of the cantilever has a nearly 30 nm thick Al coating which enhances 
the reflectivity of the laser beam by a factor of about 2.5. The typical radius of the 
diamond coated conductive tips is nearly 100 nm. 




The C-AFM tip has a thin wire attached to it which connects to the low noise current 
amplifier via a head extension module as shown in Fig. 2.21. The head extension 
module provides a near short circuit between the C-AFM tip and the current amplifier to 
avoid any resistive loss. The connected components are shown in Fig. 2.22. The 
amplified current signals are transferred to the AFM controllers via a frame module. 
Fig. 2.23 shows the C-AFM set-up mounted on the AFM which is inside the isolation 
box to avoid the influence of the ambient environment. The Z-scanner is located behind 
the AFM head. The X-Y stage which is physically separated from the Z-scanner is also 














Figure 2.22 AFM head with the mounted tip connected to the current amplifier 
which is connected to the AFM through a frame module. 
Figure 2.21 Diamond coated C-AFM tip mounted on the AFM head. The tip is 





To scan a soft material such as SiO2 with a relatively hard material such as a 
diamond coated C-AFM tip requires optimisation of the normal force of contact (P) 
between the tip and the dielectric surface. Such optimisation is needed to avoid any 
physical and electrical damage to the sample. In order to achieve this, C-AFM scans 
were obtained from SiO2 on bulk-Si substrate at different levels of P. The C-AFM set-
up used in this thesis has a default value of 750 nN for P. C-AFM scans were obtained 
by varying P from 750 nN to 200 nN. These are shown in Fig. 2.24 with topography 
shown on the left and current images on the right. The tip-sample bias was kept constant 
at 4V for different values of P. 
Fig. 2.25 compares the variation in Rq, Δp-v and average leakage current through the 
dielectric with varying P. The values of Rq and Δp-v do not show any difference with 
varying P. However, the average leakage current shows a decrease with decreasing 
values of P. Since the applied bias is same (4 V), Fig. 2.25 shows that the dielectric is 
prone to an early breakdown at high values of P compared with smaller values of P. 
Fig. 2.25 also shows that there is no change in the level of leakage current for P = 300 
nN and 200 nN. Consequently, a value between 200 and 300 nN for P is optimum for 
C-AFM imaging of the samples under study. 
 
Figure 2.23 The C-AFM components mounted on the AFM inside the isolation 












Figure 2.25 Variation in Rq, Δp-v and average leakage current with different 
levels of P. 
Figure 2.24 Topography (left) and current (right) maps obtained at different 
values of the normal contact force (P). The tip-sample bias was kept at 4 V. 
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2.5.2 Effect of surface morphology on gate leakage 
Figs. 2.26-2.28 show the topography (left) and corresponding current (right) images 
obtained from the de-processed gates of unstressed Si control and strained Si devices. 
Three measurements for each device type were obtained. The applied dc bias was varied 
(3V, 4V and 5V) to study whether the impact of surface morphology (if any) changes 
with different electrical stress. 
The dielectrics on Si control exhibit the smoothest topography with Rq = 0.14 ± 0.00 
nm while the dielectrics on smooth SRB devices exhibit Rq = 0.65 ± 0.05 nm. The 
typical crosshatch morphology of rough SRBs propagate on the surface of the thin 
dielectrics resulting in an Rq of 1.78 ± 0.81 nm. The values of Rq and Δp-v for Si control 
and strained Si devices obtained using C-AFM have been included in Fig. 2.29. 
The bright regions in the C-AFM current maps represent the areas with high leakage 
through the dielectric. The current maps for the Si control devices (Fig. 2.26) and 
smooth SRB strained Si devices (Fig. 2.27) exhibit a random distribution of leakage 
regions. In contrast, the bright regions in the rough SRB strained Si device (Fig. 2.28) 
align with the crosshatch pattern shown in the corresponding topography image. This 
shows that gate leakage is directly impacted by the crosshatch roughness of the 
underlying semiconductor, which was significantly greater for the rough SRB device 







Figure 2.26 (Before electrical stressing) C-AFM maps of SiO2 on Si control 





Figure 2.27 (Before electrical stressing) C-AFM maps of SiO2 on smooth SRB 







Figure 2.28 (Before electrical stressing) C-AFM maps of SiO2 on rough SRB 




Fig. 2.30 shows a comparison of surface heights and corresponding leakage across 
individual crosshatch undulations in a rough SRB device. A one to one correlation 
between surface features with corresponding leakage is shown. The linescans have been 
alphabetically labelled on the C-AFM image and on the graphs which show the 
variations in leakage with height. It can be observed that Jg is enhanced around troughs 
and along the steep slopes of the crosshatch (Fig. 2.30). A graph of height vs. leakage 
would not have differentiated between troughs and steep slopes, hence individual 
linescans have been shown in Fig. 2.30. Fig. 2.30 further shows that leakage 
degradation is higher across certain regions of large scale crosshatch undulations. 
 
 
Figure 2.29 Comparison of rms roughness (Rq) and the amplitude of surface 




Figure 2.30 Individual line scans comparing crosshatch surface undulations 
with corresponding leakage behaviour in a rough SRB device. Troughs and 
steep slopes exhibit higher leakage compared with crests. 
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The improved leakage behaviour from strained Si devices is due to the higher 
transverse effective mass in the Δ2 valleys and increased electron affinity compared with 
unstrained bulk-Si (section 2.3.2). The difference in the leakage behaviour of the two 
simultaneously processed and similarly strained Si devices is explained by the 
morphological dependence of leakage current for these devices (Figs. 2.28 and 2.30). 
These results clearly have implications for dielectrics on other semiconductor 
material systems such as SOI, GaAs and InGaAs which also exhibit crosshatch 
undulations (section 1.3.2). Since the variation in leakage arises from the substrate 
rather than the dielectric, these results show that the substrate quality as well as the 
dielectric must be considered in devices which combine high-κ dielectrics with high 
mobility substrates. 
 
2.5.3 Origins of enhanced leakage across crosshatch morphology 
The variations in leakage across crosshatch undulations may be due to variations in 
the dielectric thickness and enhanced nanoscale roughness across high vicinal angle 
regions [111]. Alternatively, strain fluctuations due to non-uniform growth rates [76] 
and alterations in semiconductor composition across the dielectric interface through 
enhanced Ge diffusion from the underlying SRB [178] may also be responsible for 
enhanced leakage across crosshatch undulations. It has also been suggested that local 
concentration of electric fields on top of step-bunching edges may lead to enhanced 
leakage across SiO2/SiC interfaces [121, 179]. It is possible that similar mechanisms 
take place at the dielectric/strained-Si interfaces in rough SRB devices, since both the 
step-bunching edges and crosshatch undulations exhibit steep profiles. 
In order to clearly understand the factors responsible for the morphological 
dependence of leakage current in rough SRB devices, localised analysis is required.   
 
2.5.4 Comparison of macroscopic and nanoscale leakage measurements 
In order to calculate Jg at the nanoscale, calculation of the effective area of contact 
between the C-AFM tip and the dielectric surface (Aeff) is required: 
     
  
    
  2.10 
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In order to calculate Aeff, Hertz contact model [180] has been used. According to the 
Hertzian model, two spherical bodies in contact under the effect of normal force result 
in a circular contact (radius, a0). The model takes into account the material properties 
including Young’s modulus and Poisson’s ratio of the two bodies in contact as well as 
the normal force acting between them. In this case, the two bodies in contact are the 
conductive diamond coated tip and the gate dielectric (thermally grown SiO2). The 
expressions for a0 and Aeff are given as [180]: 
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where, R is the relative radius of curvature of the contacting bodies and E
*
 is the contact 
modulus of the contacting surfaces. The expressions for R and E
*
















      
 
    
  
    
 
  
  2.14 
where, Rtip and Rd are the individual radii of curvature of the tip and the dielectric 
respectively. In equations 2.13 and 2.14, νtip, νd and Etip, Ed are the Poisson’s ratio and 
Young’s moduli, of the surface of the diamond tip and the dielectric, respectively. The 
dielectric can be considered as a flat surface with infinite radius, hence R = Rtip.  
Table 2.1 lists the values of the parameters required to obtain Aeff [181-183]. 







Table 2.1 Material parameters required for calculating Aeff [181-183].  
Parameter Value 
P 200 nN 




Etip 900-1050 GPa 
Ed 57-68 GPa 
 
Similar to the oxide voltage at macroscale, Vox at nanoscale is also not equal to the 
applied tip voltage (Vtip). For the MOS capacitor formed by the C-AFM tip, gate 
dielectric and the Si/strained Si semiconductor, Vox is written as [184]: 
                          2.15 
Equation 2.15 is similar to equation 2.9 except that the voltage drop in the poly-Si is 
not taken into account after de-processing. 
According to [184], VFB for nanoscale C-AFM analysis can be accounted for by the 
workfunction difference between the C-AFM tip and the underlying semiconductor 
(Si/strained Si): 
             2.16 
where, φm and φs are the metal and semiconductor workfunctions, respectively. 
Equation 2.16 does not take into account the effect of dielectric charges on VFB. This 
is because nanoscale C-AFM analysis is generally carried out on blanket layers and not 
on fully processed devices. For the devices studied in this chapter, the macroscopic 
values of VFB are known through the analysis of macroscopic C-V data by the CVC 
software (section 2.3.1). The workfunction difference between an Al gate and the 




For applied voltages that are relevant to C-AFM measurements, an n-MOSFET can 
be assumed to be in strong inversion. Under strong inversion, Vsub for an n-MOSFET is 
written as [13]: 
           2.17 
where, ψs is the potential difference between the intrinsic Fermi level and the Fermi 
level of the doped semiconductor (Si/strained-Si) and can be expressed as [13]: 
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where, k is the Boltzmann constant, T is temperature, q is electron charge, Nsub is the 
substrate doping density and ni is the intrinsic carrier concentration. The value of Nsub 










(section 2.2.1). The expression for ni is given as [13]: 
               
  
   
   2.19 
where, Nc and Nv are the effective density of states in the conduction and valence bands 
of the semiconductor (Si/strained Si), respectively and Eg is the energy of the band gap. 
Since strain alters the band structure, the values of Eg, Nc, Nv and consequently, ni for 
strained Si are not same as bulk-Si and vary with the Ge content (and hence strain) in 
the underlying SRB [185]. 
Using equations 2.15 and 2.17, Vox at nanoscale for an n-MOSFET can be expressed 
as,    
                      2.20 
The values of parameters required for calculating Vox at the nanoscale for Si control 
and strained Si devices have been included in Table 2.2 [184-188]. Once Vox has been 
calculated using equation 2.20, Eox at the nanoscale is similar to equation 2.8: 
      
   
   




Table 2.2 Parameters required to calculate Vox at the nanoscale [184-188]. 
Nanoscale VFB has been obtained by correcting the macroscopic VFB for the 







































Si control 4.80 4.10 -0.25 2.80 2.50 1.12 1.03 0.46 
rough SRB 4.80 4.10 -0.40 0.90 0.56 1.00 2.82 0.44 
smooth SRB 4.80 4.10 -0.32 0.90 0.56 1.00 2.82 0.44 
 
After calculating Aeff (equation 2.12) and Vox (equation 2.20) for nanoscale leakage 
analysis, the average leakage current and the applied dc bias from the C-AFM maps of 
Figs. 2.26-2.28 were converted to Jg and Eox respectively. These were then compared 
with previously reported device level data [75] from similar devices. Fig. 2.31 shows 
that the values of nanoscale Jg obtained by C-AFM is comparable with macroscopic Jg 
measured on the same devices with varying Eox. 
 
Figure 2.31 Comparison of nanoscale Jg obtained by C-AFM with previously 
reported macroscopic data [75] from similar devices. Macroscopic Jg at Eox = 16 
MVcm
-1
 is not shown because the data was not available. 
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The good correlation between macro and nanoscale variations in gate leakage in the 
Si control and strained Si devices (Fig. 2.31) demonstrates the accuracy of the nanoscale 
measurements, including reverse processing and calculation of Aeff. 
 
2.5.5 Localised leakage characteristics 
The C-AFM can also be operated in the spectroscopy mode where individual I-V 
traces from the tip-sample contact area at different points can be obtained. This is 
particularly useful when localised information from different features in the surface 
topography and current images is desired. I-V traces obtained using C-AFM in 
spectroscopy mode were converted to localised Jg-Eox curves using equations 2.10-2.21. 
This is required to directly compare the nanoscale and macroscale gate leakage trends. 
Fig. 2.32 shows localised Jg-Eox curves measured across 25 random points across the 
gate dielectric using C-AFM in spectroscopy mode. Fig. 2.33 compares the typical 
nanoscale Jg-Eox curves for Si control and strained Si devices. Si control devices 
consistently exhibit higher leakage current density (Figs. 2.32 and 2.33) and reach the 
current limit of the measurement setup (100 pA) before strained Si devices. Between the 
two strained Si devices, rough SRB devices exhibit higher leakage than the smooth SRB 
devices (Figs. 2.32 and 2.33). Some of the Jg-Eox traces in Fig. 2.32 may not follow this 
trend. This is due to the fact that these curves are point measurements and are indicative 
of the Aeff at that point and do not represent an averaged out leakage behaviour. Some 
points on the gate dielectric of the Si control devices may be more resilient to electrical 
stressing compared with strained Si devices. However, on the basis of the histogram 
shown in Fig. 2.34 it can be concluded that majority of the points on the gate dielectric 
of the Si control device show higher leakage (at Eox = 16 MVcm
-1
) compared with the 
majority of points on the gate dielectric of strained Si devices. This also applies when 
rough and smooth SRB strained Si devices are compared. 
Similar to the macroscopic case (Fig. 2.7), the nanoscale characteristics show 
improved leakage in strained Si devices compared with Si control devices. Strained Si 
devices with a smooth dielectric interface exhibit improved leakage characteristics than 









Figure 2.33 Typical Jg-Eox curves for Si control, rough SRB, and smooth SRB 
strained Si devices obtained by C-AFM. 
Figure 2.32 Nanoscale Jg-Eox curves from 25 random locations across the de-
processed gates of Si control, rough SRB and smooth SRB strained Si devices 





2.5.6 Localised variations in dielectric thickness 
The localised Jg-Eox curves shown in Fig. 2.32 can be used for assessing the 
uniformity in the dielectric thickness. Fig. 2.35 shows the F-N plots of the typical 
leakage curves shown in Fig. 2.33. Linear behaviour at high fields indicates the 
dominance of the F-N leakage at such fields. 
In order to determine tox at the nanoscale, Jg-Eox curves of Fig. 2.32 have been 
superposed by model leakage curves in the F-N regime. F-N leakage is Eox dependent 
and since Eox varies with tox (equations 2.8 and 2.21), leakage in the F-N regime can be 
used to estimate tox, since all other parameters are known and assumed as constant. The 
F-N leakage current density model is described by the following equation [97]: 
         
      
 
   
   2.22 
where, A and B are expressed as, 
Figure 2.34 Histogram comparing the level of nanoscale Jg at Eox = 16 MVcm
-1
 
for Si control and strained Si devices. The high field of 16 MVcm
-1
 was chosen 
as the Jg-Eox curves in Fig. 2.27 clearly highlight the differences in the level of Jg 
for the three different devices. 
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In equations 2.22-2.24, JFN is the gate leakage current density in the F-N regime, mox 
is the effective electron mass in the dielectric, φB is the potential barrier height and h is 
the Planck’s constant. The values of mox and φB for Si control and strained Si devices 
have been included in Table 2.3 [75, 189]. 
A similar approach of determining thickness of thermally grown SiO2 on blanket 
layers of bulk-Si by semi-empirical modelling of C-AFM sweeps in the F-N regime has 
been reported before [184, 190]. In this chapter, localised variations in tox on bulk-Si 




Figure 2.35 F-N plot of the typical leakage curves for Si control and strained Si 




Table 2.3 Parameters used for calculating model leakage curves in the F-N regime 
[75, 189]. The free electron mass is represented by m. 
Device mox φB (eV) 
Si control 0.4m 3.30 
strained Si  
(20% Ge in the SRB) 




Fig. 2.36 shows the experimental Jg-Eox curves for Si control and strained Si devices 
superposed on calculated F-N model curves. For each of the three devices, the highest 
and the lowest leakage curves have been shown after fitting with model curves. This 
provides the maximum range of variation in tox and is easier to view. Assuming all other 
parameters as constant, the results of F-N fitting indicate that for the Si control devices, 
tox varies from 2.54 to 2.92 nm. This variation is 2.65 to 3.03 nm for rough SRB and 




Figure 2.36 Experimental nanoscale gate leakage responses modelled in the F-N 
regime for different values of tox. F-N model curves are represented by lines 
while symbols show the experimental data. 
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The uniformity of tox is further demonstrated by the overall variation in tox as shown 
in Fig. 2.37. For Si control, rough SRB and smooth SRB strained Si devices, the 
variation in tox has been found to be 2.69 ± 0.08 nm, 2.79 ± 0.09 nm and 2.84 ± 0.09 
nm, respectively. These values of tox are in close agreement with the macroscopic value 
of 2.7 nm. Fig. 2.37 shows that even in the presence of large scale crosshatch 
undulations in rough SRB devices, dielectrics with a uniform thickness can be obtained. 
 
 
The values of φB used for obtaining the model leakage curves in Fig. 2.36 were 
verified by using the F-N plots in Fig. 2.35. Equation 2.22 can also be written as: 
    
   
    
      
 
   
  2.25 
 
Equation 2.25 represents the linear F-N plot as an equation of a straight line with 
slope equal to –B and an intercept equal to ln(A). Consequently, the slope of the F-N 
plot will yield B which will provide a value of φB in accordance with equation 2.24. 
Linear fitting of the F-N plots in Fig. 2.35 is shown in Fig. 2.38. The values of slope, 
intercept and φB are also indicated in Fig. 2.38. The values of φB obtained by linear 
Figure 2.37 Nanoscale variations in tox (< 4 Å) obtained by the superposition of 
experimental leakage curves on calculated F-N model curves. Nanoscale value 
for tox is in agreement with the macroscopic value of 2.7 nm. 
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fitting have been found to be 3.38 eV, 3.30 eV and 3.36 eV for Si control, rough SRB 
and smooth SRB strained Si devices, respectively (Fig. 2.38). These values are in close 




2.5.7 Variation in leakage and dielectric thickness along the crosshatch  
Fig. 2.39 compares the Jg-Eox curves from crests, troughs and highly sloped regions 
of crosshatch undulations in rough SRB devices. In total, 10 sweeps from each region of 
the crosshatch morphology were obtained and are shown in Fig. 2.39. No significant 
difference between the individual leakage curves from different regions of the 
crosshatch undulations was observed. This is further confirmed by the histogram in Fig. 
2.40 which compares the nanoscale Jg at Eox = 16 MVcm
-1
 across the different regions 
of crosshatch morphology. Figs. 2.39 and 2.40 also indicate that the dielectric thickness 
is highly uniform across different regions of the crosshatch undulations. 
Localised analysis of uniformity in tox (sections 2.5.6 and 2.5.7) has eliminated it as a 
factor responsible for the different device-level leakage behaviour of the two strained Si 
devices (Fig. 2.7). C-AFM imaging has shown that leakage follows the large scale 
crosshatch undulations. This implies that the enhanced leakage in rough SRB devices 
Figure 2.38 Linear fitting of the F-N plots in Fig. 2.35 along with the extracted 
values of φB. 
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compared with smooth SRB devices is largely due to the increased roughness across the 
undulating slopes of the crosshatch since tox is fairly uniform. Additionally strain 
fluctuations and Ge out-diffusion from the underlying SRB may also be responsible for 





Figure 2.40 Histogram comparing the level of nanoscale Jg at Eox = 16 MVcm
-1
 
across the different regions of crosshatch undulations. 
Figure 2.39 Nanoscale Jg-Eox sweeps obtained from crests, troughs and steep 
slopes of the crosshatch undulations. 
87 
 
2.5.8 C-AFM mapping of broken gate dielectrics 
Fig. 2.41 shows the topography and current AFM maps from electrically stressed 
gates from each set of devices following de-processing. The devices were stressed at Eox 
= 18 MV cm
-1
 (section 2.3.1). On every type of device, electrical stress resulted in a 
structural weakening of the gate dielectric in the form of holes which are observed as 
black spots on the topography images. Such holes act like leakage spots, and generate 
high current regions in the corresponding current maps (Fig. 2.41). The leakage spots in 
all the devices (Fig. 2.41) are a consequence of the devices reaching hard breakdown 
during electrical stressing. Although Fig. 2.41b shows that there are more bright spots 
on the rough SRB compared with Si control, stressed gates on the Si control samples 
continued to show higher rms leakage (~ 16 nA) than both strained Si counterparts (11.2 
nA for the rough SRB device and 7.5 nA for the smooth SRB device). This shows that 
the rough SRB device (with large scale crosshatch roughness) has more sites which are 
prone to breakdown than other devices. Although current values do not directly 
represent leakage through the gate dielectric since the C-AFM tip is able to probe 
through the dielectric holes into the semiconductor beneath the gate, the rms current 
values obtained in stressed dielectrics can be considered a measure of the dielectric 
structural damage induced by the electrical stressing on the devices. During poly-Si 
removal, KOH may have filtered through the breakdown spots in the gate dielectric 
reaching the substrate beneath. The etching of the Si beneath the dielectric resulted in 
increased depth of the holes. Figs. 2.28 and 2.41b suggest that the topography 
dependence of the gate leakage in rough SRB devices is lost beyond hard breakdown 
since the leakage spots in Fig. 2.41b do not align with the crosshatch pattern of the 
substrate as they appear in Fig. 2.28 prior to stressing. Instead, they have a random 
distribution similar to the current map of Si control devices and exhibit no dependence 
on topography. 
Only a few leakage spots are observed for the electrically stressed smooth SRB 
strained Si device in Fig. 2.41c. This result is also in good agreement with the hard 
breakdown leakage characteristic measured macroscopically for the same device where 
the leakage current does not exceed the equipment compliance limit shown in Fig. 2.9. 
Fig. 2.41c therefore also demonstrates the improved integrity of gate dielectrics of 
devices fabricated on the smooth SRB compared with those on the rough SRB material.  
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Fig. 2.42 is an example of a breakdown spot on the smooth SRB device. The holes 
can have breakdown area of thousands of nm
2
 which is comparable to breakdown areas 
reported before on stressed bulk-Si [139, 191, 192]. 
 
 
Figure 2.41 C-AFM maps of the (a) Si control, (b) rough SRB, and (c) smooth 






A study investigating the impact of substrate morphology on gate dielectric leakage 
of high mobility MOSFETs has been carried out. It is demonstrated that semiconductor 
topography in the form of crosshatching can influence the distributions of leakage in the 
gate dielectric of MOS devices. Through carefully developed reverse processing 
procedures, correlation has been established between morphology measured by AFM 
measurements, nanoscale gate leakage data obtained by C-AFM and macroscopic 
electrical measurements of strained Si/SiGe transistors exhibiting various levels of gate 
leakage. C-AFM measurements on de-processed MOSFETs demonstrate that the 
compromised leakage and dielectric breakdown characteristics of strained Si devices 
fabricated on rough SiGe SRBs arises from large scale crosshatching, and that leakage 
correlates with the regular crosshatch morphology. Gate leakage in Si control devices 
and devices fabricated on smooth SiGe SRBs (which avoids the crosshatch pattern) 
does not appear to relate to any features on the underlying substrate. Both sets of 
strained Si devices have the same level of channel strain (0.75%) for the same Ge 
content in the SRB (20%). Since the crosshatch pattern is evident in many SRBs, 
including SiGe and GaAs, the results have implications for several material systems. 
Furthermore since the variations in leakage arise from the substrate, the findings are 
relevant for many dielectrics, whether deposited or grown. 
The gate leakage has been quantified at the device-level (macroscopically) and 
compared with nanoscale measurements on the same devices using C-AFM after 
reverse-processing down to the SiO2 gate dielectric. Using the Hertzian model to 
Figure 2.42 C-AFM map of a localised breakdown spot on the smooth SRB 
strained Si devices exhibiting significant increase in current. 
90 
 
account for the AFM tip size there is a good agreement between macroscopic and 
nanoscale measurements, confirming the validity of the method. At both macro and 
nanoscale, the larger electron affinity and smaller transverse effective mass lead to 
lower leakage in strained Si n-MOSFETs compared with bulk Si control devices. 
However a smooth SRB is required to obtain the full benefits of strained Si and avoid 
the enhanced leakage identified on the sloping edges of the crosshatched surface. The 
maximum reduction in tunnelling current observed due to strain was 31 % which 
was reduced to 17 % for non-optimised SRB growth. Nanoscale analysis has also 
shown that the dielectric thickness is nearly similar in all the devices studied. It has 
been shown that even in the presence of large scale crosshatch morphology in rough 
SRB devices, dielectrics with a uniform thickness can be obtained.  
Dielectrics fabricated on both types of SRB exhibit improved time to breakdown 
compared with the Si controls, with the smooth SRB devices displaying the greatest 
resilience to breakdown compared with the rough SRB and Si control device. Post hard 
breakdown, leakage was no longer found to correspond to the crosshatch pattern in the 
rough SRB. The improved leakage and dielectric breakdown characteristics measured 
on a nanoscale are also in agreement with previous macroscopic studies of dielectrics on 
strained Si. 
From the results presented it is evident that improvements in epitaxy techniques used 
in the fabrication of new generations of devices will result in extended device lifetime 
governed by dielectrics. It is possible that other dielectric materials may undergo similar 
degradation on rough substrates. Since the leakage properties are related to the substrate 
material the results are relevant to other dielectrics formed on epitaxial material prone to 
strain induced roughening. Furthermore the results explain how epitaxial surface 
roughness severely impacts gate dielectric quality even where the length scale of the 




Chapter 3. Nanoscale Analysis of Interface Trap 
Density in Strained Si Devices 
 
The quality of the interface between dielectric and semiconductor in MOS devices is of 
great importance since it directly affects electrical performance and reliability. In this 
chapter, the effect of strain induced surface roughness on Dit is assessed. Localised 
variations in Dit for strained Si devices are studied at a nanoscale using SCM. These 
measurements, similar to Jg results in the preceding chapter have been related to the 
underlying substrate morphology using capacitance maps and localised individual 
differential capacitance (dC/dV) sweeps. The good correlation between macroscale and 
nanoscale trends in Dit validates the measurement setup and analysis. Regions where Dit 
may be enhanced have been identified on the basis of individual dC/dV sweeps from 
localised regions of interest. Localised behaviour in Dit from crosshatch undulations is 
similar to variations in Jg shown in chapter 2. The morphological dependence of Dit in 




Atoms on the surface of a semiconductor behave differently than the ones in the bulk 
as they are not chemically satisfied by similar atoms [193]. These unsatisfied states at 
the surface can act as sites for trapping charge carriers. Electron spin resonance (ESR) 
measurements have identified these traps at the interface as unsatisfied dangling bonds 
[194]. Fig. 3.1 shows the dangling bonds designated as Pb0, and Pb1 centres on (100) Si 
oriented surface [195]. Fig. 3.2 shows the bulk and interface traps for a SiO2/Si interface 
in an n-MOS device. Interface traps have energy levels inside the silicon forbidden 
bandgap and are in direct electrical contact with the underlying silicon. Various factors 
including oxidation and annealing conditions [196-198], dielectric thickness [199], 
channel thickness in strained Si devices [107] and interface roughness [199, 200] dictate 
the level of interface states. External electrical bias or irradiation can also increase the 
level of trap centres at the interface [201-203]. Charge carriers under external electrical 
stress can tunnel through these traps at the interface [204]. Gate dielectrics subjected to 
high field electrical stressing exhibit high leakage current compared with the pre-stress 
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condition. This enhancement in gate current is referred to as stress induced leakage 
current or SILC [97]. For thin dielectrics, at low fields SILC is commonly modelled as 
trap-assisted tunnelling [205-207] as it is usually the dominating mechanism. In 
relatively thick dielectrics, presence of several traps can enhance SILC and eventually 
cause breakdown [208]. In addition to tunnelling current, interface traps are also 
responsible for mobility degradation at low fields. Coulomb scattering due to interface 
traps is the dominant mobility degradation mechanism at low fields (Fig. 1.4). These 






Dielectric interface quality in strained Si/SiGe devices is not always as good as bulk-
Si devices (section 1.4.3). Strained Si devices generally exhibit higher levels of Dit 
compared with bulk-Si devices [75, 107, 109, 209]. Strained materials can exhibit high 
levels of surface roughness compared with bulk-Si (section 1.3.2). It has been widely 
Figure 3.2 Bulk and interface traps in SiO2 of an n-MOS structure. 




reported before that the increase in surface roughness leads to increased levels of Dit for 
bulk-Si as well as strained Si devices [75, 85, 199, 200, 210, 211]. Simultaneously 
processed strained Si devices have shown different levels of Dit in spite of identical 
strain and channel thickness [75]. This difference has been attributed to different levels 
of SRB induced surface roughening. Improvement in Dit also results in reduced mobility 
degradation (reduced Coulomb scattering) at low fields for smooth SRB devices 
compared with those processed on rougher substrates [75]. Hence any possibility to 
reduce Dit is an advantage. 
In addition to surface roughness, strained Si devices often suffer from out-diffusion 
of Ge from the underlying SRB during high thermal budget processing. The gate 
dielectric interface quality is severely affected by the out-diffused Ge atoms at the 
interface [85, 107, 212]. 
It has been shown that increasing Ge content in the underlying SRB (which increases 
Ge diffusion and surface roughness) degrades Dit in strained Si devices [85, 107, 211, 
213, 214]. 
High-κ dielectrics are a common choice for strained Si/SiGe devices, especially 
because Ge based devices do not have a natural native oxide like Si. High-κ dielectrics 
should alleviate some of the aforementioned issues. However, in spite of all the 
advantages offered by high-κ dielectrics, obtaining a good quality interface with the 
underlying strained Si channel remains challenging (section 1.4.2). Irrespective of the 
dielectric used, alternate channel materials such as strained Si/SiGe appear to still 
influence Dit [75, 107, 109, 209].  
Nanoscale C-AFM measurements have already shown that strained Si devices 
exhibiting conventional large scale crosshatch undulations have degraded gate leakage 
across steep slopes (section 2.5). Smooth SRB devices exhibit improved levels of Dit 
compared with rough SRB devices [75]. However, it is not clear if localised 
morphological features are responsible for different macroscopic Dit signatures. This is 
because roughness correlation lengths are very different. However, the results presented 
in chapter 2 have shown that large scale roughness does influence gate leakage 
properties. In this chapter, nanoscale Dit analysis in strained Si devices with varying 
surface roughness is assessed. SCM, like C-AFM is an electrical variant of AFM based 
SPM techniques. It is sensitive to localised capacitive variations. SCM has been 
extensively developed as a successful technique for nanoscale dopant profiling [215-
218]. It also finds application in the localised characterisation of insulating layers on 
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semiconductors [141, 142, 219-221].  However, it has never been used to study specific 
regions of surface roughness. 
In this chapter, SCM analysis on localised regions of surface roughness in fully 
processed strained Si devices is presented. Material growth, device fabrication and 
reverse processing of the devices analysed in this chapter have been explained in 
sections 2.2.1, 2.2.4 and 2.4 respectively. 
 
3.2 Macroscopic high frequency capacitance analysis 
Device-level C-V characteristics were obtained using the Agilent 4294A Impedance 




). In total, 3 
large area capacitors (            ) of each type were analysed. Vg was swept from 
accumulation (-3V) to inversion (+3V) with substrate, source and drain all shorted 
together to ground. A certain value of Vg balances the workfunction difference, 
dielectric charges and potential drop in the semiconductor. This value of Vg is known as 
the flatband voltage (VFB) as semiconductor energy bands are flat at this voltage (section 
1.1.1). Hence at VFB charge neutrality is maintained. Consequently, VFB is a measure of 
charges in the dielectric. Variations in VFB usually result in a parallel shift in the C-V 
curve. In addition to parallel shift, dependence of interface trapped charges on Vg also 
manifests in the form of a stretch-out of the C-V curve. Typical parallel shift and 
stretch-out of a C-V curve in the presence of dielectric charges is shown by the 
simulated curves (Fig. 3.3) obtained using the MOSCap software [222]. 
Fig. 3.4 shows the device-level (macroscopic) C-V curves for Si control and strained 
Si devices. It can be observed that the C-V curves of the three sets of devices with 
similar tox and Nsub exhibit different parallel shift and stretch-out with respect to each 
other. This indicates differences in the level of dielectric charges and hence VFB and Dit. 
It can also be observed in Fig. 3.4 that C-V curves of the two strained Si devices with 
different surface roughness exhibit different parallel shift and stretch-out in spite of 
having same level of strain and channel thickness. It has been shown before on the basis 
of macroscopic conductance measurements that Si control devices exhibit lower levels 






) compared with the two strained Si devices [75]. Between the 













) [75]. Fig. 3.5 shows this trend 
in Dit for Si control and strained Si. Diffusion of Ge to the strained Si surface and 
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increase in surface roughness has been identified as the reason for increased levels of Dit 
in strained Si devices. The difference in Dit for the two sets of strained Si devices is 
expected to be due to increased surface roughness in the rough SRB devices which is a 
direct consequence of the substrate quality [75, 85]. However, the reason behind the 
increase in Dit due to large scale surface roughness in strained Si/SiGe devices has never 
been fully understood. 
Macroscopic C-V and Dit measurements (similar to Figs. 3.3-3.5) average out any 
localised trends and are indicative of the entire area under study. This results in the need 
of a high spatial resolution technique such as SCM which can relate localized Dit trends 





Figure 3.3 Parallel shift and stretch-out of a C-V curve in the presence of 
dielectric charges. C-V curves simulated using the MOSCap software [222] for 
an Al gate (4.10 eV) n-MOS capacitor. Symbols: Chf: High-frequency 
capacitance, Cox: dielectric capacitance, Nit: trapped charge density. Simulation 

















Figure 3.5 Mid-gap Dit (measured using the conductance method) as a function 
of rms surface roughness for Si control and strained Si devices [75]. 




3.3 Nanoscale analysis of interface quality using SCM 
Detailed operation of the SCM measurement setup is explained in section 3.3.1 
followed by the nanoscale analysis of dielectric/semiconductor interface quality in 
strained Si and Si control devices. 
 
3.3.1 SCM measurement setup 
The ITRS 2010 update has listed SCM among other SPM techniques as one of the 
next generation potential defect inspection technique [21]. SCM measures the change in 
capacitance between the probe tip and the underlying semiconductor (ΔC) in response to 
an applied ac bias (Vac) at a given dc bias (Vdc). In addition to differential capacitance 
images, SCM in spectroscopy mode is capable of generating dC/dV curves as a function 
of Vdc. Such dC/dV curves are similar to the differentiated form of C-V curves 
commonly measured by the conventional device-level techniques. Fig. 3.6 shows the 
typical dc bias dependence of capacitance and dC/dV curves for p-MOS and n-MOS 
capacitors. 
The operation of SCM is based on the working of a MOS capacitor (section 1.1.1). 
Vdc applied at the gate electrode controls the operation of the capacitor. In an n-MOS 
capacitor, negative Vg accumulates holes in the underlying semiconductor. Under strong 
accumulation, capacitance is only due to the dielectric. On the other hand, positive Vg 
depletes holes and attracts the electrons. During depletion, total capacitance is due to the 
dielectric as well as the channel. In SCM, the conductive probe tip, gate dielectric and 
the underlying semiconductor model a MOS capacitor, which is shown in Fig. 3.7 along 
with the equivalent circuit. The total capacitance consists of the fixed dielectric 
capacitance (Cox) and a variable tip-sample capacitance (Ctip). A substrate applied Vdc 
accumulates or depletes the charge carriers while Vac modulates the depletion region and 
results in a variation in Ctip at a given Vdc. This change in Ctip is monitored during SCM 
measurements. At a given Vdc, the measured SCM signal is proportional to the slope of 
the C-V curve as shown in Fig. 3.8. Hence the SCM signal is commonly known as the 
ΔC or the dC signal. The SCM image is a representation of the ΔC signal across the 
scanned area for a given dc bias. The response of this ΔC signal to a wide range of Vdc at 
a localised point can also be obtained by operating SCM in the spectroscopy mode. The 
ΔC or the dC signal obtained in spectroscopy mode is divided by the rms value of Vac 
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and is commonly represented as the dC/dV signal. This dC/dV curve is similar to the 













The full width at half maximum (FWHM) of dC/dV sweeps obtained from SCM in 
spectroscopy mode is a qualitative measure of Dit [142, 219, 223] whereas the peak 
intensity of such sweeps is influenced by Nsub and tox [141, 219, 221]. The value of Vtip 
at which the dC/dV response peaks (Vtip, peak) is not necessarily equal to but is close to 
VFB [223, 224] and hence is an indicator of the polarity and the magnitude of dielectric 
charges. Fig. 3.9 shows the effect of charges in the dielectric on the dC/dV response 
from SCM. A shift in Vtip, peak and an increase in FWHM can be observed in the presence 
Figure 3.8 Detection scheme of dC/dV measurements for an n-MOS capacitor. 




of charges in the dielectric. These features of the dC/dV curves have been exploited in 
the past for studying dielectric parameters such as tox, VFB and Dit in semiconductor 
devices. However, so far only qualitative analysis and relative comparison between 
different samples has been reported. Stray effects and dC/dV data being unitless have 
made quantitative interpretation difficult. In this chapter, the variation in FWHM and 
Vtip, peak of dC/dV sweeps between and within samples has been used to characterise the 
interface quality and locate areas where Dit may be enhanced in strained Si devices. 
 
 
Fig. 3.10 shows the schematic of the setup used for the SCM measurements. The 
changes in Ctip are detected by the capacitance detector which is a part of an electrically 
shielded resonator. Variations in Ctip are processed by an external lock-in amplifier to 
obtain ΔC images and dC/dV sweeps. The resonator also houses a variable capacitor and 
other RF detection circuitry and operates at high frequencies (~ 1 GHz) supplied by a 
voltage controlled oscillator (VCO). The resonator comprises a resonance circuitry 
along with the probe and the sample. During initial calibration, the VCO is swept from -
10 V to +10 V to obtain the resonance curve for a given tip-sample system. An 
operating frequency in the maximum slope region of this resonance curve is selected as 
this ensures high sensitivity and spatial resolution for the probe. Resonance frequency 
usually varies for different channel and dielectric materials. Changes in Ctip shift the 
Figure 3.9 Impact of charges in the dielectric on dC/dV curves. Parallel shift and 




resonance curve which changes the maximum slope position corresponding to the 
operating frequency of the resonator as shown in Fig. 3.11. Changes in resonance 
characteristics change the output from the detector and it is this change in the detector 







Fig. 3.12 shows the SCM tip mounted on the AFM head and connected to the 
resonator. Fig. 3.13 shows the connected components required for SCM measurements. 
Figure 3.11 Shift in resonance curve of the resonator due to changes in Ctip. 
Figure 3.10 Schematic of the SCM measurement setup. 
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The SCM tip is connected to the resonator which is connected to the frame module 
which houses the VCO and other circuitry. The signal from the VCO is transferred to 
the resonator for its operation while the detected capacitance signals are transferred 
from the resonator to the lock-in amplifier for processing via the frame module. Fig. 





Figure 3.13 Connected components required for SCM imaging. 
Figure 3.12 The SCM tip on a ceramic carrier mounted on the AFM head and 




The detected signals have been processed by an external SR830 lock-in amplifier by 
Stanford Research Systems (Fig. 3.15). Lock-in amplifiers are typically used for 
detecting and measuring very small ac signals which usually have more noise than 
useful information. Lock-in amplifiers can detect ac signals of the order of nV. These 
typically use phase sensitive detection to single out components of a signal at a specific 
reference frequency. Components which have frequency different from the reference 
signal are rejected and do not affect the working of the lock-in amplifier. In this work, 
the SR830 provides the external Vac and uses it as the reference signal. Hence the lock-
in amplifier selects and amplifies the detected signals which have the same frequency as 
the input ac signal. 
 
 
Figure 3.15 The SR830 lock-in amplifier. 
Figure 3.14 SCM components mounted on the AFM inside the isolation box. 
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As the SCM detector operates at RF frequencies, electro-magnetic radiation from the 
resonator to the metallic structures in the vicinity causes stray capacitance. The XE-150 
SCM used in this work incorporates various features to reduce stray capacitances. These 
include electrically shielding the resonator, mounting of the probe on a ceramic carrier, 
minimisation of the length of the wire between the probe and the resonator and 
optimisation of the size of the opening at the front of the resonator. Other parasitic 
effects can also produce stray components in the detected signal. These include, 
distance between successive measurement locations and illumination by the AFM laser 
etc. Such parasitic effects result in the detected signals having a low signal to noise ratio 
(SNR) and hence additional processing of the raw SCM data is required.  
The SCM maps in this work were obtained at a dc substrate bias of 0 V under ac 
lock-in conditions of 2 Vrms and 20 kHz. The high ac bias of 2 Vrms and 20 kHz 
frequency (fac) increases the SNR, thereby resulting in better contrast in the SCM image 
[141, 216]. A high contrast SCM image is critical when analysing localised interface 
quality at specific regions of the gate. High Vac is not suitable for the traditional SCM 
application of dopant profiling as a high ac bias degrades the spatial resolution of the 
measured carrier profile [216]. While obtaining the dC/dV sweeps the dc bias which was 
applied from the substrate was varied from -1 V to +5 V at 2 V/s. The sweep rate is 
much higher than the one used during conventional macroscopic C-V measurements to 
establish equilibrium. The high sweep rate has been used to reduce the response of 
surface charges to the applied bias thus minimizing their effect on the measured ΔC 
values [225]. This sweep rate is similar to some of the previously reported SCM 
analysis of interface traps [142, 219] and carrier profile [225]. The ac bias during these 
sweeps was reduced to 0.2 Vrms to reduce electrical stress during measurement. The 
phase of the ac signal was set at -90 degrees to obtain the typical U-shaped dC/dV 
response of p-type substrate MOS devices. This change in phase also required fac to be 
increased to 75 kHz to reduce distortion in the dC/dV sweeps. The dC/dV sweeps in the 
following sections are presented with varying Vtip, which has the opposite polarity from 





3.3.2 Effect of surface morphology on capacitance 
Figs. 3.16-3.18 show SCM maps from the de-processed gates of three different rough 
SRB, smooth SRB and Si control devices respectively. In all the SCM maps topography 
is shown on the left while SCM maps are shown on the right. The dielectrics on Si 
control exhibit the smoothest topography with Rq = 0.12 ± 0.00 nm while the dielectrics 
on smooth SRB devices exhibit Rq = 0.46 ± 0.05 nm. The typical crosshatch 
morphology of rough SRBs propagate on the surface of the thin dielectrics resulting in 
an rms roughness of 1.69 ± 0.81 nm. The values of Rq and Δp-v for Si control and 
strained Si devices obtained using SCM have been included in Fig. 3.19. The values of 
Rq and Δp-v in Fig. 3.19 are in strong agreement with the values obtained during C-AFM 






Figure 3.16 Topography (left) and SCM images (right) from the de-processed 
gates of rough SRB strained Si devices. Parameters: Vac = 2 Vrms, fac = 20 kHz, 





Figure 3.17 Topography (left) and SCM images (right) from the de-processed 
gate of smooth SRB strained Si devices. Parameters: Vac = 2 Vrms, fac = 20 kHz, 








Figure 3.18 Topography (left) and SCM images (right) from the de-processed 




In accordance with previous reports [121, 141, 226-228], SCM maps are expected to 
exhibit an inverse relationship with local variations in dielectric thickness caused by 
morphological fluctuations. This causes SCM scans to be an inverse image of the 
topography. Hence the pattern exhibited in the SCM maps of strained Si devices (Figs. 
3.16 and 3.17) is considered to be largely due to the substrate induced surface 
morphology which propagates to the surface of the dielectric. For rough SRB devices, 
SCM maps clearly follow the crosshatch morphology (Fig. 3.16). Also, the differences 
in the ΔC signal in the SCM images of Figs. 3.16-3.18 can also be attributed to the level 
of substrate induced spatial variations, since all the scans were recorded under identical 
lock-in conditions. Consequently, rough SRB strained Si devices exhibit highest ΔC 
signal followed by smooth SRB and Si control devices. The SCM maps from Si control 
devices (Fig. 3.16) which do not exhibit any topographic pattern, show bright and dark 
contrasting regions. 
Si control and strained Si devices have a fairly uniform dielectric with nearly 
identical variations in thickness (section 2.5.6). Also, a closer look at the SCM maps of 
rough SRB strained Si devices (Fig. 3.16) show that the inverse relationship between 
the features in topography and SCM images is not followed everywhere. For instance, 
in rough SRB devices (Fig. 3.16) troughs and highly sloped regions which have 
distinguishable contrast in the topography image may appear as bright regions in the 
SCM map with very little or no contrast. Fig. 3.20 shows the relationship between 
Figure 3.19 Comparison of rms roughness (Rq) and the amplitude of surface 
undulations (Δp-v) for Si control and strained Si devices obtained using C-AFM. 
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surface height (depth) and SCM signal for rough SRB strained Si devices obtained from 
5000 random individual points in the topography and SCM maps. SCM signal decreases 
(becomes more negative) with increasing surface height and vice versa (Fig. 3.20). 
However, it can also be seen that for a given height (or depth) on the surface, the level 
of the SCM signal can be different. The SCM measurement setup may not be able to 
respond to surface features such as small steps and steep undulations or SCM maps may 
also be receiving capacitive contributions from random defects and trapped charges. 
Alternatively, it is likely that the SCM signal at a given location is collectively 
influenced by morphology and random trapped charges depending on the position along 
the crosshatch period. Since high Vac (2 Vrms) and low fac (20 kHz) were used for high 
SNR and hence better contrast, the measurement setup is unlikely to explain the lack of 
contrast across steep slopes. 
Similar variation in the SCM signal with height has also been observed for smooth 
SRB devices (Fig. 3.21). Since there are no specific topographical features on the 
surface of Si control devices (Fig. 3.18), it is possible that any contrasting features in 
the SCM maps may be due to defects and trapped charges. 
 
 
Figure 3.20 Plot of SCM signal vs. surface height (depth) for rough SRB 




SCM imaging indicates that it may be possible to identify regions in the SCM map 
where interface quality is degraded due to charge trapping. This differs from some 
previous reports [121, 141, 226-228] where the SCM image has only been affected by 
the variations in dielectric thickness caused by surface morphology and the impact of 
defects and trapped charges is negligible. This contradiction may be answered by the 
quality of the dielectric. The dielectrics on strained Si and Si control devices studied in 
this work exhibit low surface roughness (Figs. 2.29 and 3.19) and minimal variations in 
tox (section 2.5.6). The dielectrics studied in [227, 228] have a surface roughness of 3 
nm which is nearly twice the typical surface roughness of dielectrics on rough SRB 
devices. Such high levels of roughness may mask the influence of defects and trapped 
charges on the SCM signal, since both tox and Dit can be simultaneously influenced by 
surface roughness [141]. According to [121], the inverse relationship between 
morphology and SCM signal is not observed when the surface roughness is reduced 
from 6.9 nm to 0.2 nm. According to [226], a decrease of 4.3 nm in tox increases the 
SCM signal by 1.5 V. For strained Si and Si control devices studied in this chapter, the 
variation in tox is under 0.4 nm (section 2.5.6) while the SCM signal varies by at least 2 
V for rough SRB, 1 V for smooth SRB and 0.4 V for Si control devices (Figs. 3.16-
3.18).  Hence it is likely that the SCM images shown in Figs. 3.16-3.18 are being 
influenced by random defects and trapped charges. In summary, it is easier to study 
Figure 3.21 Plot of SCM signal vs. surface height (depth) for smooth SRB 
strained Si devices. 
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defects and trapped charges using SCM if dielectrics with low levels of surface 
roughness and uniform thickness can be obtained. 
These observations further support the need for improved material growth, device 
processing and sample preparation techniques to obtain maximum information from the 
SCM measurement setup. In order to clearly understand the influence of trapped 
charges on SCM images localised analysis at individual points on the substrate is 
required. 
 
3.3.3 Localised C-V analysis 
In order to identify regions on the substrate with enhanced Dit, individual dC/dV 
curves were obtained from different locations. Fig. 3.22 shows the variation in dC/dV 
sweeps with Vtip obtained from 20 random locations across the gate dielectrics of Si 
control and strained Si devices. Differences in FWHM and position of Vtip, peak can be 
observed for the three types of devices in Fig. 3.22. This difference is better visible in 
Fig. 3.23 which shows the typical dC/dV curves for the three sets of devices. The 
variation in Vtip, peak and FWHM of the dC/dV sweeps in Fig. 3.22 is shown in Fig. 3.24. 
It can be seen that the dC/dV sweeps of Si control devices exhibit lowest FWHM 
followed by smooth SRB devices. Amongst all the devices measured, dC/dV sweeps of 
rough SRB devices have consistently shown the highest FWHM. FWHM of dC/dV 
sweeps is a direct qualitative measure of Dit (section 3.3.1). Hence, Fig. 3.24 indicates 
that Si control devices exhibit lower Dit compared with strained Si devices. Rough SRB 
devices also exhibit higher Dit than smooth SRB devices on the basis of the variation in 
FWHM of their dC/dV sweeps (Fig. 3.24). These trends in FWHM (and hence Dit) 
obtained from nanoscale measurements are in good agreement with the previously 







Figure 3.23 Typical dC/dV curves for Si control and strained Si devices. 
Figure 3.22 dC/dV response from 20 random locations across the de-processed 
gates of Si control, rough SRB, and smooth SRB strained Si devices obtained 





3.3.4 Parameter extraction at the nanoscale and comparison with macroscopic 
trends 
Fig. 3.25 compares the nanoscale trends in Dit (Fig. 3.24) with previously reported 
macroscopic values of Dit [75] for devices processed on similar substrates. A good 
correlation between the device-level and nanoscale trends can be observed in Fig. 3.25. 
Such correlation validates the SCM measurement setup for measuring Dit. 
Similarly, Vtip, peak which is an indicator of VFB (section 3.3.1) and hence its shift from 
the ideal value (VFB, shift) has also been found to be different for Si control and strained 
Si devices. The ideal value of VFB (VFB, ideal), is equal to the workfunction difference 
between the metal coated tip and the underlying semiconductor (Si/strained Si) [13]: 
                      3.1 
 
For a p-type semiconductor, φs is expressed as [13], 
       
  
  
      3.2 
 
Figure 3.24 Variation in FWHM and Vtip, peak of dC/dV sweeps of Si control, 
rough SRB, and smooth SRB strained Si devices. 
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where, χ is the electron affinity of the semiconductor (Si/strained Si). The values of φm, 
χ, Eg and ψs along with the calculated values of φs and VFB, ideal for Si control and 





Table 3.1 Parameters required to calculate VFB, ideal for Si control and strained Si 

















Si control 5.60 4.05 1.12 0.46 5.07 0.53 
strained Si  
(20% Ge in the SRB) 
5.60 4.16 1.00 0.44 5.10 0.50 
 
 
Figure 3.25 Median FWHM of SCM dC/dV sweeps compared with 
macroscopically measured Dit [75] for Si control, rough SRB, and smooth SRB 
strained Si devices. 
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Fig. 3.26 shows the variation in the magnitude of VFB, shift for Si control and strained 
Si devices obtained by subtracting VFB, ideal from Vtip, peak. It can be seen that VFB, shift 
increases for strained Si devices with rough SRB devices exhibiting the highest values 
of VFB, shift. This further confirms the increased levels of dielectric charges in the strained 




3.3.5 Relationship between FWHM and Vtip, peak 
Fig. 3.27 shows the variation in FWHM (indicator of Dit) with Vtip, peak (indicator of 
VFB) of the dC/dV sweeps in Fig. 3.22. A very weak relationship has been observed 
between the FWHM and Vtip, peak of dC/dV sweeps. 
It can be seen in Fig. 3.27 that rough SRB strained Si devices show an 8-fold 
increase in linearity between FWHM and Vtip, peak compared with Si control devices. 
However, even with such increase, FWHM has been found to be a very weak function 
of Vtip, peak. For a given value of Vtip, peak, different values of FWHM have been observed. 
This may be due to the fact that VFB is influenced not only by interface trapped charges 
but also by bulk charges and workfunction differences, while Dit is only a measure of 
charge density at the interface. Additionally, presence of charges of both polarities in 
Figure 3.26 |VFB, shift| for Si control, rough SRB, and smooth SRB strained Si 
devices obtained by subtracting VFB, ideal from the Vtip, peak of dC/dV sweeps. 
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the dielectric may also explain the weak relationship between the FWHM and Vtip, peak of 
dC/dV sweeps (Fig. 3.27). 
 
 
3.3.6 Interface quality at contrasting regions in SCM images 
To understand precisely which regions develop increased Dit in rough SRB devices, 
individual dC/dV sweeps were obtained from contrasting regions in the SCM maps of 
Fig. 3.16. Fig. 3.28 presents the dC/dV sweeps and variations in Vtip, peak and FWHM 
from bright and dark regions in the SCM maps of the rough SRB devices. In total, 12 
sweeps each from bright and dark regions are presented. In general, Fig. 3.28 suggests 
that dC/dV sweeps from bright regions in the SCM image show higher FWHM 
compared with dark regions. Since bright regions in the SCM maps correspond to 
troughs and steep slopes in topography (Fig. 3.16), Fig. 3.28 implies that Dit is enhanced 
in these regions. This morphological dependence of Dit in rough SRB devices is similar 
to the variation in Jg for similar devices as shown in the preceding chapter. With a fairly 
uniform dielectric and similar channel thickness, increased interface roughness due to 
large scale crosshatch undulations [119], threading dislocations penetrating in the 
channel [110] and variable Ge diffusion [178] are likely to be responsible for the 
regional variations in Dit in rough SRB devices. Increased Dit at troughs and along the 
Figure 3.27 Plot of FWHM vs. Vtip, peak showing the weak relationship between 
the two parameters after linear fitting. 
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steep slopes of crosshatch morphology in the rough SRB devices can also contribute to 




The difference in FWHM (and hence Dit) between bright and dark regions of the 
SCM maps is reduced when strained Si devices on a smooth SRB are analysed. Fig. 
3.29 shows that although the highest FWHM is obtained from a bright region, the 
FWHM obtained from dark regions is not very less either. It may be concluded that 
reduction in crosshatch not only reduces overall Dit, but also makes the interface quality 
more uniform across the substrate. Hence the quality of the underlying SRB has 
implications on device reliability and variability. 
Analysis of the Si control device (Fig. 3.30) also shows that the highest FWHM 
values are obtained from bright regions. Some of the dC/dV sweeps from bright and 
dark regions show similar FWHM indicating similar levels of Dit, however it can be 
seen that the highest value of FWHM (and hence Dit) has been obtained from a bright 
region in the SCM map. 
 
Figure 3.28 dC/dV sweeps and variation in FWHM and Vtip, peak from contrasting 







The quality of the interface between thin dielectrics and high mobility strained Si 
channels has been assessed. Nanoscale analysis of Dit in fully processed bulk-Si and 
strained Si n-MOSFETs has been carried out using SCM in both scanning and 
spectroscopy mode. A correlation between macroscale and nanoscale trends in Dit in Si 
control and strained Si n-MOSFETs has been established which validates the analysis 
and measurement setup. 
For strained Si devices, SCM maps follow the surface topography induced by the 
underlying SRB. In rough SRB devices with large scale crosshatch pattern, slopes and 
troughs show some contrast in the topography. However, these regions appear as bright 
regions in the SCM image with little or no contrast. This lack of contrast in the SCM 
Figure 3.30 dC/dV sweeps and variation in FWHM and Vtip, peak from contrasting 
regions in the SCM maps of Si control devices. 
Figure 3.29 dC/dV sweeps and variation in FWHM and Vtip, peak from contrasting 
regions in the SCM maps of smooth SRB devices. 
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images is unlikely to be explained by the measurement setup since large ac voltage and 
low frequency was used while scanning which increases SNR. Contrasting regions were 
observed in the SCM maps of atomically flat dielectrics on Si control devices. Since 
surface roughness is low and tox is highly uniform, SCM maps appear to be receiving 
contributions from random defects and trapped charges. This further supports the need 
for improved material growth, device processing and sample preparation to obtain 
maximum information from SCM.  
To further study the information contained in the SCM maps of different devices, 
individual dC/dV sweeps from 20 random locations were recorded. From these sweeps, 
variations in FWHM (which is a qualitative measure of Dit) and Vtip, peak (which is closer 
to VFB and is an indicator of dielectric charges) have been analysed. Nanoscale trends in 
Dit are similar to macroscopic trends reported previously for devices fabricated on 
similar substrates. 
Individual dC/dV sweeps from SCM, relating to Dit, have been related to localized 
regions on the substrate. It has been shown that dC/dV sweeps from troughs and steep 
slopes of crosshatch undulations which appear as bright regions in the SCM maps 
exhibit higher FWHM and hence higher Dit compared with peaks or crests. This 
morphological dependence of Dit on crosshatch undulations is similar to the variations 
in Jg for similar devices studied in the preceding chapter. With a fairly uniform 
dielectric and similar channel thickness, non-uniform behaviour in Dit for rough SRB 
devices is expected to be due to increased interface roughness, threading dislocations 
and fluctuations in substrate composition along the interface. Increased charge trapping 
at troughs and along the steep slopes of the conventional crosshatch morphology can 
enhance Jg at these regions. 
The difference in FWHM (and hence Dit) between the bright and dark regions is 
reduced for smooth SRB devices compared with the devices processed on rougher 
substrates. Strained devices which do not exhibit large scale crosshatch undulations but 
are rougher than Si control devices show reduced and more uniform levels of Dit 
compared with rough SRB devices. Si control devices did not exhibit any 
morphological pattern, however, dC/dV sweeps from bright regions in the SCM maps of 
these devices exhibited higher FWHM compared with dark regions. 
The conclusions drawn from the results presented in this chapter have implications 
for different material systems where the substrate can induce morphological changes. 
This includes technologies using relaxed SiGe templates, such as strained Si on 
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insulator (SSOI), strained Ge on insulator (SGOI) and strained Ge. Additionally, the 
impact of modifications introduced at the interface by using high-κ dielectrics such as 





Chapter 4. Scanning Probe Analysis of Thin 
Dielectrics on Compressively Strained Si1-xGex 
 
Compressively strained SiGe is an attractive channel material due to its high hole 
mobility and compatibility with existing CMOS processes. In this chapter, electrical 
properties of thin dielectrics on epitaxially grown thin Si1-xGex layers are presented. 
Dielectric leakage, breakdown behaviour, thickness and interface traps are analysed on 
a nanoscale for thin dielectrics grown on strained SiGe with varying Ge. Through 
analysis of C-AFM, SCM and semi-empirical modelling, contributions to the electrical 
properties originating from localised regions on the substrate and dielectric are 
identified. The impact of Ge content (and hence strain) is assessed using different Ge 
contents (0, 20, 35, 50 and 65%). Surface morphology of thin dielectrics on strained Si1-
xGex layers has been studied using a sharp AFM tip in non-contact mode. Nanoscale 
electrical analysis shows that Jg and Dit increase with Ge in the strained layer. These 
observations are in agreement with theory and previously reported macroscopic trends. 
The results show that if morphological fluctuations often associated with strained SiGe 
layers can be avoided, a uniform electrical behaviour can be obtained. 
 
4.1 Background 
The benefits provided by conventional CMOS scaling are fast approaching saturation 
because of limitations on physical dimensions (section 1.2.1). Individual SiGe stressors 
in the source and drain have been widely employed to realise high mobility strained Si 
p-MOSFETs [229, 230]. However, enhancements from uniaxial strain (produced by 
individual SiGe stressors) is also expected to reach its limits [231, 232]. Consequently, 
alternate channel materials especially those which can be processed on a Si platform are 
continuously being explored. Si1-xGex when grown epitaxially on Si (which has a lower 
lattice constant) undergoes compressive strain and the amount of strain can be 
controlled by Ge concentration and layer thickness. Strain induced splitting of energy 
bands alters the band structure of SiGe and leads to preferential occupation by holes in 
LH bands, thereby enhancing hole mobility (section 1.3.1). SiGe channels have 
exhibited improved performance through enhanced hole mobility which is not possible 
with tensile strained Si channels (section 1.3.1). Hence, compressively strained SiGe 
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layers have emerged as an attractive alternate channel material. Electrical performance 
enhancements including high hole mobility, increased on-state current and low Vt in 
SiGe channel devices are well documented [67-71, 231, 233]. For a 1.6% compressive 
strain in the SiGe channel, hole mobility enhancement factor of 2.5-4.5 can be expected 
[234, 235].  
However, Ge-induced changes in the material and dielectric interface quality 
strongly affect the final device performance. Devices which employ relaxed or strained 
SiGe layers often suffer from Ge segregation. Lower oxidation rates in SiGe cause 
selective consumption of Si during oxidation which results in a pile-up of Ge atoms at 
the dielectric/semiconductor interface [236-238]. Such dangling Ge atoms at the 
interface are in direct electrical contact with the channel and can increase trapped 
charges at the interface [239-241]. Increase in Ge content leads to a higher density of 
un-bonded Ge atoms at the interface. Consequently, dielectric performance in strained 
SiGe devices is usually not as good as bulk-Si and is further degraded for Ge rich 
devices. Previous reports show that devices employing strained SiGe channels exhibit 
increased levels of Jg and Dit compared with bulk-Si devices and this degradation 
enhances with Ge [69, 101, 242-245]. To counter Ge segregation, SiGe channel devices 
generally employ a thin Si cap above the channel (section 1.4.2).  
 
4.1.1 Surface morphology of compressively strained SiGe layers 
Surface roughness either due to dislocations or excessive strain energy is a common 
feature of strained Si/SiGe epitaxy (section 1.3.2). Surface roughness of fully relaxed 
SiGe layers increases with Ge content (section 1.3.2). For thin epitaxial strained SiGe 
layers, increase in strain often influences surface morphology and results in increased 
levels of surface roughness [84, 246]. Surface morphology of strained SiGe layers is 
generally different compared with relaxed layers. Surface roughness typically associated 
with strained SiGe is lower compared with fully relaxed SiGe substrates [83, 92]. 
Strained SiGe layers can be expected to exhibit micro-roughness in the form of surface 
ripples, island like patterns and surface corrugations [81-83]. The scale of micro-
roughness generally increases for Ge rich strained alloys due to excessive strain energy. 
This is because excessive strain favours partial relaxation to reduce surface energy. 
SiGe layer thickness also influences surface morphology and roughness (section 
1.3.2). Strain relaxation through dislocations strongly influences surface roughness and 
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morphology. Above hc, strain relaxation increases rapidly with increasing layer 
thickness for a given Ge content [92]. Mid to large scale undulations due to strain 
relaxation appear on the surface of thin SiGe layers when layer thickness exceeds hc for 
a given Ge content. The scale of surface undulations and consequently, the roughness 
length scales increase with layer thickness. 
The effect of compressive strain on the surface morphology of strained SiGe layers is 
shown in Fig. 4.1. AFM images obtained from epitaxially grown strained SiGe layers 
with varying Ge (and hence strain) show different surface morphology and roughness. 




4.1.2 Dielectrics on compressively strained SiGe 
It has been shown in the preceding chapters that surface roughness induced by the 
fully relaxed SiGe substrates in tensile strained Si devices adversely affects dielectric 
performance and reliability. Enhanced Jg (section 2.5) and Dit (section 3.3) have been 
Figure 4.1 Variations in the surface morphology and roughness with increasing 
compressive strain in epitaxial SiGe layers grown on bulk-Si. 
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observed around the troughs and steep slopes of conventional crosshatch undulations 
induced by the underlying SiGe SRB. Strained SiGe exhibits different morphology 
compared with relaxed SiGe layers (section 4.1.1). Consequently, surface topography 
and typical roughness length scales of strained SiGe layers are expected to be different 
than strained Si layers grown on relaxed SiGe SRBs. This implies that dielectrics grown 
or deposited on strained SiGe channels can exhibit different surface morphology than 
on strained Si channels. Consequently, any morphological dependence of dielectric 
reliability on compressively strained SiGe channels is likely to be different. 
According to [84], compressive strain induced surface corrugations are expected to 
degrade dielectric performance in strained SiGe channel devices. Additionally, high 
field mobility in strained SiGe devices is also expected to be influenced by strain 
induced surface roughness (surface roughness scattering). Increased interface roughness 
from a buried compressively strained Si0.70Ge0.30 channel has been shown to degrade 
gate dielectric quality in dual channel devices [85]. However, there are no reports which 
relate strained SiGe surface morphology with dielectric performance in strained SiGe 
devices. This chapter presents a nanoscale electrical analysis of thin dielectrics on 
strained SiGe layers using electrical SPM techniques. Nanoscale Jg, tox and localised 
breakdown behaviour is studied using C-AFM maps and spectroscopic I-V curves. SCM 
maps and spectroscopic dC/dV sweeps have been obtained to study the localised 
variations in Dit, VFB and VFB, shift. 
The effects associated with new dielectrics have been avoided by analysing thermally 
grown SiO2 on strained SiGe layers. Since the effect of the underlying SiGe layer has 




4.2 Material growth and characterisation 
 
4.2.1 Growth of strained SiGe layers 
Strained SiGe layers studied in this work were grown at CEA-LETI (Grenoble, 
France) using the Epi Centura reduced pressure-chemical vapour deposition (RP-CVD) 
industrial cluster tool manufactured by Applied Materials. 





were baked in-situ for 2 minutes in H2 environment at 1100 °C at a pressure of 20 Torr. 
This thermal processing removed any native oxide and allowed epitaxial growth to be 
initiated on atomically smooth Si surfaces. Following this a few tens of nm thick Si 
buffer was grown for all the samples.  
Blanket Si1-xGex layers of different Ge content (20%, 35%, 50% and 65%) were then 
grown using the RP-CVD method. The growth pressure was 20 Torr. Pure 
dichlorosilane (SiH2Cl2) was used as the source of Si while germane (GeH4) diluted at 
2% in H2 was the source of Ge. Higher levels of Ge were obtained by gradually 
increasing the mass flow ratio of GeH4 and H2. The growth temperature was reduced 
from 650 °C to 550 °C as the targeted Ge concentration was increased from 20% to 
65%, in order to minimize surface roughening. This reduction in temperature was also 
based on the growth kinetics of SiGe. For a fixed growth temperature, growth rate of 
SiGe layers increases linearly with Ge content [92]. Hence, in order to have reasonable 
growth rates in line with the intended layer thickness, growth temperature was reduced 
for Ge rich layers. 
Si1-xGex layers did not receive any intended doping and can be expected to have a 
doping profile similar to the underlying Si substrate. Epitaxial SiGe layers were 
passivated by a thin Si cap (~ 4 nm) which was grown in two stages.  
Details of growth of different layers are included in Table 4.1. A cross-sectional 
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Figure 4.2 Cross-sectional schematic of the samples studied in this chapter. 
128 
 
4.2.2 XRR and XRD analysis of layer thickness and alloy content 
XRR curves were obtained to confirm the thickness of SiGe and Si cap layers. In 
addition, XRD measurements were also carried out to verify the thickness of SiGe 
layers and estimate the amount of Ge in the strained alloys. 
XRR curves obtained from Si1-xGex layers (capped with Si) with different Ge 
contents are shown in Fig. 4.3. A definite modulation of intensity can be observed over 
a large angular range (Fig. 4.3), indicating low levels of surface and interface roughness 
[247]. The angular spacing between the fringes is inversely proportional to the 
combined thickness of SiGe and Si cap, while the thickness of Si cap is to a first 
approximation inversely proportional to the angular spacing of maxima and minima of 
the envelope curve of the main fringes. The increase in the amplitude of oscillations 
with Ge content (Fig. 4.3) is due to the increase in density for SiGe compared with Si 
(density (Si) = 2.328 gcm
-3
, density (Ge) = 5.327 gcm
-3
). Thickness of SiGe and Si cap 
layers has been extracted from a fast Fourier transform of XRR curves, with a precision 
of ± 6 Å. This error is introduced by the CCD detector in the XRR measurement setup. 
 
Figure 4.3 XRR curves from Si capped Si1-xGex layers with varying Ge levels. 




XRD curves obtained from Si capped SiGe layers with varying Ge content are shown 
in Fig. 4.4. Shift towards the lower side with increasing Ge indicates increasing 
compressive strain [153]. Well-defined thickness fringes on either side of the layer peak 
were observed except for the strained alloy with 65% Ge. Similar to the XRR curves, 
layer thickness is inversely proportional to the angular spacing between the thickness 
fringes in XRD curves. 
 
 
Thin epitaxial SiGe films when grown on Si are compressively strained along the 
plane of growth while the nature of strain in the perpendicular direction is tensile. 
Consequently, the lattice constants in parallel and perpendicular directions are different. 
The perpendicular lattice constant for strained SiGe (     
   is calculated from the XRD 
spectra in accordance with Bragg’s law [153, 166]: 
      
   
     
           
  4.1 
where,     is the angular peak position of the Si substrate and    is the angular 
separation between the Si substrate peak and the strained SiGe layer peak. 
 
Figure 4.4 XRD curves from Si capped Si1-xGex layers with varying Ge levels. 




The average lattice constant of un-strained bulk SiGe (       is related to      
  by 
the following equation [92]: 
      
          
  
   
              4.2 
where, ν is the Poisson ratio of the SiGe layer whose value for different Ge contents can 
be extrapolated from the values of Si (0.278) and Ge (0.271). 
Once       has been calculated, Ge concentration (x) in the strained alloy can be 
calculated by solving the following quadratic equation [92, 153]: 
              
                  4.3 
Owing to the broad peak of SiGe layers in Fig. 4.4, the Ge content extracted from 
XRD spectra has an error of ± 0.5%. 
The thicknesses and alloy content for different samples as extracted from the XRR 
and XRD measurements have been included in Table 4.2. A good agreement between 
the values of SiGe layer thickness from XRR and XRD measurements can be seen 
except for the Si0.35Ge0.65 sample. The difference in thickness arises due to the lack of 
clearly defined thickness fringes on either side of the layer peak in the XRD spectra 
from the Si0.35Ge0.65 layer. This lack of thickness fringes is an indicator of slight 
relaxation in the Si0.35Ge0.65 layer [92]. This slight relaxation in the Si0.35Ge0.65 layer is 
due to its higher Ge content and thickness similar to other samples. For an epitaxial 
Si0.35Ge0.65 layer grown on bulk-Si, hc is expected to be between 4-8 nm [86-90], which 
is lower than the thickness of the layers studied in this chapter. Hence, a slight 
relaxation in the Si0.35Ge0.65 layer is not unexpected. 
Table 4.2 also shows that the Ge content obtained from XRD is in agreement with 
the targeted concentration except for the Si0.35Ge0.65 sample. This discrepancy arises 
because the angular position of the XRD peaks of Si0.50Ge0.50 and Si0.35Ge0.65 layers is 
nearly similar (Fig. 4.4). This means that the XRD peak from the Si0.35Ge0.65 layer has 
experienced a shift towards the Si substrate peak. Additionally, Si0.35Ge0.65 layer peak 
appears to be broader compared with those from layers of lower Ge content. This shift 
and broadening of the XRD peak is another indicator of slight strain relaxation in the 




Table 4.2 SiGe and Si cap thickness and Ge content in the SiGe films as 



















Si0.80Ge0.20 10.8 11.0 22.1 4.0 
Si0.65Ge0.35 12.0 12.2 34.0 4.0 
Si0.50Ge0.50 12.2 11.7 50.7 3.7 
Si0.35Ge0.65 11.2 9.0 55.1 4.2 
 
 
To summarise the XRR and XRD analysis, lack of thickness fringes on either side of 
the XRD layer peak (Fig. 4.4), XRD thickness lower than XRR (Table 4.2) and lower 
than targeted Ge content (Table 4.2) indicates that the Si0.35Ge0.65/Si stack is slightly 
relaxed with Ge content higher than indicated by XRD. Also, Si1-xGex/Si stacks for Ge 
content up to 50% are fully pseudomorphic (lattice matched). 
 
4.2.3 Surface morphology of Si capped SiGe layers prior to oxidation 
Surface morphology of Si capped Si0.50Ge0.50 and Si0.35Ge0.65 layers were studied by 
AFM measurements in tapping mode. Fig. 4.5 shows the surface morphology of Si-
cap/Si0.50Ge0.50 and Si-cap/Si0.35Ge0.65 stacks, prior to oxidation. The surface of the 
Si0.50Ge0.50 layer (with ~ 4 nm of Si cap) is smooth and featureless, which can be 
expected for a fully pseudomorphic stack without any relaxation. By contrast, the 
surface of Si0.35Ge0.65 sample (capped with ~ 4 nm of Si) is characterised by small height 
undulations indicating slight elastic strain relaxation [92]. In addition to these small 
scale undulations, numerous “short lines” along the {110} directions can also be seen. 
These are likely due to  partial plastic relaxation, as the {110} directions correspond to 
the intersection of the {111} dislocation gliding planes with the {001} surface [92]. 
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Quantitatively, Rq and the maximum surface height (Rmax) associated with the 
Si0.35Ge0.65 sample were found to be 0.17 nm and 1.7 nm respectively. These values for 





4.2.4 Oxidation of Si capped SiGe layers 
The Si cap on the SiGe layers with varying Ge was subsequently oxidised at the 
Peter Grünberg Institute (PGI9-IT, Jülich, Germany). Wet oxidation at 600 °C for 60 
minutes was carried out. The thickness of the oxide was measured at various points 
using ellipsometry and was found to be ~ 2.85 nm for all the samples. It is likely that ~ 
1 nm of the Si cap was left after oxidation. However, this was not verified.  
Control samples were also processed under identical conditions. After processing, 
the samples containing Ge were coated with an unbaked 2-3 μm thick AZ5214 
photoresist for surface protection. This photoresist was removed using N-Methyl-2-
pyrrolidone (NMP) and isopropyl alcohol (IPA) before further characterisation. 
 
 
Figure 4.5 Tapping mode AFM images of the (a) Si0.50Ge0.50 and (b) Si0.35Ge0.65 
samples prior to oxidation. Image sides are more or less along the {100} 
directions. (Tapping mode AFM measurements by J.M. Hartmann at CEA-
LETI, Grenoble, France). 
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4.2.5 Surface morphology of strained SiGe layers post oxidation 
High resolution AFM images (1 x 1 µm
2
 at 1024 points/line) in non-contact mode 
were obtained to study the surface morphology after the oxidation of the Si cap. These 
are shown in Figs. 4.6-4.10. The surface of SiO2 on SiGe layers with varying Ge has 
been found to be smooth as indicated by the low levels of Rq and Δp-v. Similar to the 
AFM images prior to oxidation (Fig. 4.5), no large scale roughness features were 
observed after oxidation. For the oxidised Si0.50Ge0.50 sample, Rq and Rmax have been 
found to be 0.07 ± 0.01 nm and 1.03 ± 0.11 nm respectively. These values are similar to 
the values observed prior to oxidation (section 4.2.3). For the oxidised Si0.35Ge0.65 layer, 
Rq and Rmax have been found to be 0.10 ± 0.01 nm and 1.06 ± 0.12 nm respectively. On 
comparing with the AFM analysis prior to oxidation, it is observed that the surface 
roughness and the maximum height observed on the surface of the Si capped Si0.35Ge0.65 
layer has reduced post oxidation. The small scale undulations observed prior to 
oxidation (Fig. 4.5) are also visible after oxidation (Fig. 4.10).  
The high resolution AFM images (Figs. 4.6-4.10) were filtered using MATLAB to 
reject any large to medium scale roughness components. This was needed as the AFM 
image analysis software is not able to separate the nanoscale roughness from large scale 
components. Additionally, the roughness correlation length cannot be measured by the 
AFM image analysis software. Figs. 4.11 and 4.12 respectively show the surface 
roughness and correlation length before and after filtering the AFM scans of Figs. 4.6-
4.10. It can be observed that the surface roughness before filtering is comparable until 
the concentration of Ge exceeds 50%. For dielectrics on strained Si0.35Ge0.65 layer, 
surface roughness before filtering shows a slight increase due to the partial relaxation of 
the Si0.35Ge0.65 layer (as indicated by Figs. 4.5 and 4.10). After filtering (λp = 20 nm), it 
can be observed that the nanoscale surface roughness shows a slight increase with 
increasing Ge. The increase in the nanoscale surface roughness when Ge concentration 
is increased from 50% to 65% (~ 8 pm) is significantly higher than the increase when 
Ge concentration is increased from 0% to 50% (~ 3 pm). Although, the increase in 
roughness with Ge is small (Fig. 4.11), it can be expected to influence mobility [248] 
and gate dielectric properties [249]. 
The correlation length shows a reduction with increase in Ge content (Fig. 4.12). 
This is due to the increased compression in the strained SiGe layer with increasing Ge 
which reduces the roughness correlation length [84]. According to [84, 117], roughness 
correlation lengths between 250-350 nm due to surface micro-corrugations can be 
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expected to adversely influence mobility. Consequently, the correlation lengths 








Figure 4.6 High resolution (1024 points/line) topographic maps of SiO2 on bulk-
Si obtained in non-contact mode using a sharp tip of radius < 5 nm. 
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Figure 4.7 High resolution (1024 points/line) topographic maps of SiO2 on 

















Figure 4.8 High resolution (1024 points/line) topographic maps of SiO2 on 












Figure 4.9 High resolution (1024 points/line) topographic maps of SiO2 on 










Figure 4.10 High resolution (1024 points/line) topographic maps of SiO2 on 









Figure 4.12 Variation in roughness correlation length before and after filtering 
with varying Ge. 




It has been observed that the surface morphology and roughness of SiGe layers 
studied in this chapter (Figs. 4.6-4.10) is significantly different than most of the 
previous reports [81-84]. For e.g., a comparison of Figs. 4.6-4.10 with Fig. 4.1 shows 
that the surface features associated with the samples studied in this work do not exhibit 
significant change with increasing Ge in the strained alloy. The AFM scans of Figs. 4.6-
4.10 exhibit significantly lower values of Rq and Δp-v compared with the AFM scans in 
Fig. 4.1. Such improvements in the strained SiGe material quality (Figs. 4.6-4.10) are 
expected to improve the dielectric reliability and variability in devices which employ 
such layers as channels. 
 
4.2.6 Strain and degree of relaxation 
It is now clear that the Si1-xGex layers are fully strained until the Ge concentration 
does not exceed 50%. Above this concentration, slight relaxation is to be expected. 
Following this, XRD curves in Fig. 4.4 have been used to quantify strain (     ) and the 
degree of relaxation (    
    ) in epitaxially grown compressively strained Si1-xGex layers 
studied in this chapter. The expressions for       and     
     are given by equations 4.4 
and 4.5, respectively [92, 166]: 
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   4.5 
where,      
  is the in-plane lattice constant of strained SiGe layer and can be calculated 
from the following equation [92, 153]: 
         
   
   
      
   
  
   
      
   4.6 
The values of      
  and       are calculated from equations 4.1 and 4.2, respectively.  
Strain and relaxation for SiGe layers with varying Ge have also been calculated using 
Raman spectroscopy. Fig. 4.13 shows the Raman spectra obtained from the oxidised 
SiGe layers with varying Ge using a 457 nm (visible) laser. In total, Raman spectra 
from 12 different locations were obtained for each sample. For every sample, Raman 
spectra were found to be identical. For the 457 nm laser incident on compressively 
strained SiGe layers grown on Si, penetration depth is ~ 40 nm. Consequently, the Si-Si 
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vibrations from the bulk-Si substrate are also observed (Fig. 4.13). The position of the 
Si-Si lattice vibrations in the SiGe layers shifts towards the lower side compared with 
the Si-Si lattice vibrations in bulk-Si (~ 521 cm
-1
) with increasing Ge indicating 
increasing levels of compressive strain [148]. The intensity of Si-Si vibrations in the 
SiGe layers reduce for higher Ge levels. Si-Ge and Ge-Ge lattice vibrations are clearly 




For compressively strained SiGe layers on bulk-Si, the vibrational properties in the 
Raman spectra of Fig. 4.13 can be used to estimate the level of εSiGe [148]: 
         
            
            
   
   4.7 
 
         
            
                         
   
   4.8 
         
            
            
   
   4.9 
Figure 4.13 Raman spectra from the oxidised SiGe layers with varying Ge. 
Laser Wavelength: 457 nm (visible). Differences in Si-Si, Si-Ge and Ge-Ge 
lattice vibrations can be observed indicating different levels of strain. 
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where,      
      ,       
       and       
       are the Si-Si, Si-Ge and Ge-Ge lattice vibrations in 
the SiGe alloy, respectively. 
The values of       and     
     obtained using XRD and Raman spectroscopy have 
been shown in Fig. 4.14. Due to its compressive nature, the value of strain is negative. It 
can be observed that the magnitude of strain increases with Ge content. This is expected 
since the lattice mismatch (which dictates the level of strain) between epitaxial Si1-xGex 
layer and the underlying Si substrate increases with increasing Ge. Fig. 4.14 confirms 
that Si1-xGex layers are fully strained for Ge concentrations up to 50% while slight 




Table 4.3 compares the values of       obtained from XRD and Raman spectroscopy 
with the theoretical values (equation 4.4) for fully strained SiGe layers. Overall, a 
strong agreement between the values of       from XRD and Raman spectroscopy has 
been observed. Strain calculated from Raman spectroscopy has been found to be higher 
than the theoretical values (Table 4.3). This error may have occurred during peak fitting 
and the calculation of strain using equations 4.7-4.9 since various groups have reported 
different equations for calculating strain from Raman spectroscopy. Once       was 
calculated using Raman spectroscopy, the values of      
  were obtained by using 
Figure 4.14 Level of strain and degree of relaxation in epitaxial Si1-xGex layers 
grown on bulk-Si. 
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equation 2.3. This was followed by the calculation of     
     using equation 2.5. 
Consequently, the difference in the values of       obtained from XRD and Raman 
spectroscopy is reflected in the values of     
     as shown in Fig. 4.14. 
 
Table 4.3 Comparison of the values of strain calculated from XRD and Raman 
spectroscopy with theoretical values for fully strained SiGe layers with varying Ge. 
The difference in the values of strain from XRD and Raman spectroscopy for the 
Si0.35Ge0.65 layer explains the difference in the values of relaxation obtained from 













Si0.80Ge0.20 -0.83 -0.82 -0.86 
Si0.65Ge0.35 -1.29 -1.28 -1.37 
Si0.50Ge0.50 -1.95 -1.96 -2.00 









4.3 Gate leakage and reliability analysis of SiO2/Si1-xGex/Si stacks 
Nanoscale gate leakage, localised breakdown and spatial variations in thickness of 
dielectrics on strained SiGe layers have been studied using C-AFM. These are now 
discussed. 
 
4.3.1 Topography and leakage current maps 
Figs. 4.15-4.19 show 5 × 5 µm
2
 topography (left) and current (right) maps obtained 
by scanning the surface of SiO2 on SiGe layers with varying Ge content (from 0 to 
65%). In total, 3 scans from each sample were measured at different substrate applied dc 
bias. The scans have been obtained using conductive diamond coated tips of radius ~ 
100 nm. It can be seen that the surface topography of the dielectric (SiO2) grown on 
fully strained SiGe layers with different Ge contents is very smooth with no definite 
features. Fig. 4.20 compares the values of Rq with varying Ge obtained using the 
conductive diamond coated C-AFM tips. No significant difference in surface roughness 
with Ge has been observed during C-AFM measurements. Dielectric surface roughness 
on Si0.35Ge0.65 layer shows a slight increase compared with other concentrations of Ge. 
The small scale morphological features due to slight relaxation in the Si0.35Ge0.65 layer 
(Figs. 4.5 and 4.10) were not observed during C-AFM scanning. This may be because 
C-AFM scans have been carried out in contact mode using tips with a relatively large 
radius (~ 100 nm in this case) due to the conductive coating. This may result in certain 
small scale roughness features (such as small height undulations and “short lines”) not 
being recorded during C-AFM scanning.  
Electrical SPM techniques generally suffer from lower resolution compared with 
topographic modes of AFM. This is because of the conductive coating on the tips used 
for electrical SPM measurements which increases the effective contact area. This issue 
can be mitigated by employing conductive tips with lower radius. Alternatively, surface 
roughness and electrical analysis can be carried out separately. This is useful when 




Figure 4.15 Simultaneously obtained topography and current maps from SiO2 






Figure 4.16 Simultaneously obtained topography and current maps from SiO2 






Figure 4.17 Simultaneously obtained topography and current maps from SiO2 




Figure 4.18 Simultaneously obtained topography and current maps from SiO2 







Figure 4.19 Simultaneously obtained topography and current maps from SiO2 




Clearly, in the absence of any definite morphological pattern (Figs. 4.15-4.19), 
leakage hotspots have been found to be randomly distributed for all the samples. This 
shows that if morphological instabilities (such as ripples and surface undulations, often 
associated with epitaxially grown strained Si/SiGe layers) can be avoided, a highly 
uniform distribution of gate leakage can be obtained. 
Although no morphological dependence of gate leakage has been found, C-AFM 
maps in Figs. 4.15-4.19 appear to be showing differences in the density of leakage 
hotspots (bright regions) with varying Ge. This is supported by Fig. 4.21 which shows 
the variation in average nanoscale Jg with Ge at different Eox. The values of Jg in Fig. 
4.21 were calculated by calculating Aeff using equations 2.11-2.14 as described in 
section 2.5.4. The values of Eox in Fig. 4.21 were obtained using equations 2.20 and 
2.21. Since blanket layers have been studied in this chapter, nanoscale VFB was 
accounted for by the workfunction difference (equation 2.16). The values of φs (required 
to calculate VFB) were calculated using the following equation [13]: 
       
  
  
     4.10 
where, χ is the electron affinity and Eg is the energy bandgap of the strained SiGe layer 
while ψs is the potential difference between the intrinsic Fermi level and the Fermi level 
Figure 4.20 Variation in rms surface roughness (Rq) with varying Ge obtained 
by the conductive diamond coated C-AFM tips. 
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of the doped semiconductor (strained SiGe). The values of χ, Eg and ψs vary with the 
level of Ge (and hence strain) in the strained Si1-xGex alloy. 
 
 
Clearly, an increase in Jg is observed with increasing Ge content (Fig. 4.21). This 
trend is not surprising as SiGe channel devices have previously exhibited increased 
levels of macroscopic Jg compared with bulk-Si channel devices [69, 101, 242]. For 
strained SiGe, χ is comparable with bulk-Si [64]. Consequently, any influence of χ on Jg 
in strained SiGe devices (in comparison with bulk-Si) is negligible. Another parameter 
which influences Jg is the transverse effective mass experienced by the charge carriers. 
Compressive strain in SiGe causes preferential occupation of charge carriers in the LH 
bands where transverse effective mass
 
is lower than the unstrained condition [250]. It is 
known that decrease in transverse effective mass increases leakage currents [22, 73, 
104]. According to [250], the transverse effective mass reduces with increasing Ge (and 
strain) in strained SiGe alloys. This implies increase in Jg with increasing Ge for 
dielectrics on strained SiGe layers. The SiO2/Si valence band offsets may also play a 
secondary role in increasing Jg with Ge [105]. Increased out-diffused Ge to the channel 
surface has also been identified as a reason for enhanced Jg in SiGe channel devices 
Figure 4.21 Average nanoscale Jg through SiO2 on epitaxial Si1-xGex layers with 
varying Ge content at different levels of nanoscale Eox. The values of Jg and Eox 
were obtained by using equations 2.11-2.14, 2.20 and 2.21. The values of 
different parameters required to calculate Jg and Eox for strained SiGe layers 
with varying Ge have been included in Table 4.4. 
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[242]. Since oxidation has been carried out at a relatively low temperature (600 °C), 
diffusion of Ge is likely to be low [62, 119, 251]. Additionally, the possibility of a thin 
Si cap (section 4.2.4) means that the influence of Ge segregation is likely to be low. 
At lower fields, leakage is generally modelled by trap assisted tunnelling or TAT due 
to out-diffused Ge as it is the dominating mechanism (section 3.1). At higher fields (Vox 
> φB), F-N leakage (tox dependent) is expected to dominate [97]. Direct tunnelling (DT) 
through the dielectric generally dominates for dielectrics with tox < 3 nm and at Vox < φB 
[97]. For the samples studied here, tox is close to 3 nm (2.85 nm) which indicates that 
DT can also occur. Diffusion of Ge is likely to be low (relatively low oxidation 
temperature). Consequently, the level of TAT and DT (if present) may be low. For a 
2.85 nm thick dielectric grown on strained SiGe layers, Vox = φB corresponds to an Eox ~ 
12 MVcm
-1
. This means that F-N leakage is expected to dominate at Eox > 12 MVcm
-1
. 
Fig. 4.21 shows a ~ 4-fold increase in Jg with Ge for Eox > 12 MVcm
-1
. At relatively 
lower fields (Eox = 9 MVcm
-1
 and 12 MVcm
-1
), Jg is comparable for all Ge 
concentrations (except for bulk-Si). This suggests low levels of TAT and DT at low 
fields and dominance of F-N leakage at high fields. 
 
4.3.2 Localised gate leakage behaviour 
Spectroscopic C-AFM I-V curves were also obtained from 15-20 random locations to 
study the localised resilience of the dielectric to electrical stress. These were then 
converted to Jg-Eox curves using the equations described in section 2.5.4 and equation 
4.10. Like strained Si, electrical and material parameters change for strained SiGe layers 
with varying Ge. The values for various parameters required for obtaining Jg-Eox curves 
have been included in Table 4.4 [64, 184, 185, 252]. 
Jg-Eox curves for each sample are shown in Fig. 4.22. Differences in leakage response 
have been observed with varying Ge concentration. This difference is better observed 
when one typical Jg-Eox curve for each Ge concentration is compared, as shown in Fig. 
4.23. An increase in Jg with Ge has been observed. Leakage curves from Ge-rich 
samples (50% and 65% Ge) reach the current limit of the measurement setup (100 pA) 
before Si-rich samples. This implies that dielectrics on Ge-rich layers are expected to 
break earlier than Si-rich samples. The increase in Jg with Ge is further highlighted by 
the histogram in Fig. 4.24 which shows the variation in nanoscale Jg at Eox = 18 MVcm
-
1
 for different concentrations of Ge. 
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Table 4.4 Material and electrical parameters required for calculating Jg, Eox and 
VFB, ideal for SiO2/Si1-xGex stacks with different Ge contents [64, 184, 185, 252].  
Parameter Si Si0.80Ge0.20 Si0.65Ge0.35 Si0.50Ge0.50 Si0.35Ge0.65 
χ (eV) 4.05 4.03 4.03 4.05 4.04 
Eg (eV) 1.12 1.00 0.90 0.81 0.73 
Nc (cm
-3
) 2.80 x 10
19
 1.95 x 10
19
 1.95 x 10
19
 1.95 x 10
19





) 2.50 x 10
19
 8.70 x 10
18
 5.50 x 10
18
 3.70 x 10
18





) 1.03 x 10
10
 5.18 x 10
10
 2.85 x 10
11
 1.33 x 10
12
 5.15 x 10
12
 
ψs (V) 0.30 0.26 0.21 0.17 0.14 
φS (eV) 4.91 4.79 4.69 4.63 4.55 
φm (Dia.) 
(eV) 
4.80 4.80 4.80 4.80 4.80 
φm (Pt) 
(eV) 
5.60 5.60 5.60 5.60 5.60 
VFB, ideal (V) 0.69 0.81 0.91 0.97 1.05 
 
 
Figure 4.22 Localised Jg-Eox curves obtained from the surface of SiO2 on 











Figure 4.24 Histogram showing the variation in nanoscale Jg at Eox = 18 MVcm
-1
 
with varying Ge. 
Figure 4.23 Typical Jg-Eox curves from the surface of SiO2 on epitaxial Si1-xGex 
layers with varying Ge content. 
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4.3.3 Comparison of leakage at the nanoscale and macroscale 
Fig. 4.25 compares the nanoscale Jg at Eox = 18 MVcm
-1
 (this work) with previously 
reported macroscopic leakage data [68, 69, 166, 233, 242, 253-259] from SiGe channel 
devices with varying Ge. It can be observed that nanoscale Jg (at Eox = 18 MVcm
-1
) with 
varying Ge is comparable with previously reported macroscopic values at similar Eox. 
For the highest Ge concentration (65%) studied in this work, nanoscale Jg is comparable 




Increased Jg with Ge (Figs. 4.21-4.24) means that devices which employ 
compressively strained SiGe channels are subject to a potential trade-off between carrier 
mobility and power consumption (Jg). The comparison of nanoscale Jg with previously 
Figure 4.25 Comparison of nanoscale Jg at Eox = 18 MVcm
-1 
(this work) with 
previously reported device level data [68, 69, 166, 233, 242, 253-259]. 
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reported macroscopic data (Fig. 4.25) indicates that 65% Ge in the strained SiGe alloy 
can be implemented as an optimum concentration for improving carrier mobility whilst 
maintaining acceptable levels of gate leakage. This is a step towards realizing high 
performance strained Ge channels with acceptable levels of gate dielectric leakage. 
 
4.3.4 Localised variations in dielectric thickness 
Fig. 4.26 shows the F-N plots of the typical leakage curves shown in Fig. 4.23. 
Linear behaviour at high electric fields indicates dominance of F-N tunnelling at these 




The values for mox (as a factor of m) and φB for SiO2/Si1-xGex stacks with different Ge 
contents have been included in Table 4.5 [64, 189]. Model F-N curves were superposed 
on experimental leakage curves in Fig. 4.22 while tox was varied to achieve the best fit.  
The values of tox obtained by superposing experimental leakage curves on F-N model 
curves are shown in Fig. 4.27. The values of tox obtained at the nanoscale (Fig. 4.27) are 
in close agreement with the macroscopic value of 2.85 nm and also indicate a uniform 
dielectric. 
 
Figure 4.26 F-N plot of typical leakage curves shown in Fig. 4.23. Linear 
behaviour indicates dominance of F-N leakage at high fields. 
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Table 4.5 Values for mox and φB required to model nanoscale leakage curves in the 
F-N regime [64, 189]. 
Sample mox φB 
Si 0.40m 3.30 
Si0.80Ge0.20 0.40m 3.28 
Si0.65Ge0.35 0.40m 3.28 
Si0.50Ge0.50 0.40m 3.30 
Si0.35Ge0.65 0.40m 3.29 
 
 
   
 
  
Figure 4.27 Localised variations (< 2 Å) in tox obtained by modelling C-AFM 
leakage curves in the F-N regime. 
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4.4 Interface quality of SiO2/Si1-xGex stacks studied using SCM 
 
4.4.1 Topography and capacitance maps 
Figs. 4.28-4.32 show 5 × 5 µm
2
 topography (left) and capacitance (right) maps 
obtained by scanning the surface of SiO2 on SiGe layers with varying Ge content (from 
0 to 65%).  In total, 3 scans from each sample have been obtained from different 
locations at a dc bias of 0 V under ac lock-in conditions of 2 Vrms and 20 kHz. The scans 
have been obtained using conductive PtIr5 coated tips of radius ~ 25 nm. 
The smooth morphology and absence of any definite features further confirms the 
pseudomorphic nature of the strained SiGe layers. Slight relaxation induced small scale 
features (Figs. 4.5 and 4.10) in the Si0.35Ge0.65 layer were not observed during SCM 
scanning which used tips with a radius lower than the diamond coated C-AFM tips. Fig. 
4.33 compares Rq with varying Ge obtained during SCM scanning. The values of Rq in 
Fig. 4.33 are similar to the values observed during C-AFM scanning (Fig. 4.20). 
Localised variations in surface morphology caused by variations in dielectric 
thickness cause SCM maps to be an inverse image of topography (section 3.3.2). A 
closer look at the topography and SCM images of Figs. 4.28-4.32 shows that SCM 
images inversely follow the small scale features in the topography for Ge concentration 
≥ 20%.  
With a smooth morphology (Figs. 4.28-4.32) and uniform tox (Fig. 4.27), it may be 
possible to spatially map the interface quality through a thorough spectroscopic analysis 






Figure 4.28 Simultaneously obtained topography (left) and capacitance (right) 




Figure 4.29 Simultaneously obtained topography (left) and capacitance (right) 
maps from SiO2 on strained Si0.80Ge0.20. Parameters: Vdc = 0 V, Vac = 2 Vrms and 




Figure 4.30 Simultaneously obtained topography (left) and capacitance (right) 
maps from SiO2 on strained Si0.65Ge0.35. Parameters: Vdc = 0 V, Vac = 2 Vrms and 




Figure 4.31 Simultaneously obtained topography (left) and capacitance (right) 
maps from SiO2 on strained Si0.50Ge0.50. Parameters: Vdc = 0 V, Vac = 2 Vrms and 





Figure 4.32 Simultaneously obtained topography (left) and capacitance (right) 
maps from SiO2 on strained Si0.35Ge0.65. Parameters: Vdc = 0 V, Vac = 2 Vrms and 





4.4.2 Extraction of Dit and VFB at the nanoscale 
Fig. 4.34 shows individual dC/dV sweeps with Vtip, obtained from 20 random 
locations across the surface of SiO2/Si1-xGex stacks with varying Ge concentrations. In 
order to clearly observe the differences in the dC/dV sweeps in Fig. 4.34, Fig. 4.35 
shows one typical curve for each Ge concentration. The magnitude of dC/dV sweeps 
which is strongly affected by Nsub and tox (section 3.3.1) has been found to be 
comparable for all the samples (Fig. 4.34), thus ruling out any major variations in Nsub 
and tox. This is in agreement with the localised variations in tox studied by C-AFM (Fig. 
4.27). The FWHM of dC/dV sweeps which is a direct qualitative measure of Dit (section 
3.3.1) has been found to be different for samples with different Ge contents (Figs. 4.34 
and 4.35). 
The Vtip, peak of dC/dV sweeps which is an indicator of VFB (section 3.3.1) has also 
been found to vary with Ge (Figs. 4.34 and 4.35) indicating different levels of dielectric 
charges. It may also be seen in Fig. 4.34 that dC/dV sweeps indicate a uniform 
behaviour until the Ge concentration in the underlying strained alloy exceeds 50%. 
Beyond 50%, dC/dV sweeps exhibit a wide range of Vtip, peak. The sign of Vtip, peak can be 
complicated while obtaining the dC/dV sweeps, especially for dielectrics with high 
levels of charge density [219]. Therefore, Fig. 4.34 suggests that the charge density in 
Figure 4.33 Variation in Rq with varying Ge obtained by the conductive PtIr5 
coated SCM tips. 
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the dielectric may be increased when Ge concentration in the SiGe alloy is increased 
from 50% to 65%. Alternatively, interfacial defects due to slight relaxation in the 
Si0.35Ge0.65 layer may also be responsible for the wide range of Vtip, peak of dC/dV sweeps 





Figure 4.35 Typical dC/dV sweeps showing the impact of varying Ge 
concentration on the interface quality. 
Figure 4.34 Individual dC/dV sweeps obtained from 20 random locations across 




The variation in FWHM and Vtip, peak of the dC/dV sweeps as observed for different 
samples in Fig. 4.34 is shown in Fig. 4.36. It can be seen that the FWHM of dC/dV 
sweeps (and hence Dit) increases as the amount of Ge in the strained Si1-xGex alloy is 
increased. Ge-enhanced Si oxidation results in increased segregation of Ge at the 
interface which results in increased charge densities at the interface (section 4.1) 




The SCM analysis of strained Si devices (chapter 3) showed that the FWHM of SCM 
sweeps is increased by 0.84 V from 1.82 V (Si control) to 2.66 V (rough SRB strained 
Si) corresponding to an increase in Dit from 3 x 10
11
















 can increase the FWHM of SCM sweeps from 4 V to 6 V (an 
increase of 2 V) [260]. For the strained SiGe samples studied in this work, the increase 
in FWHM (Fig. 4.36) when the level of Ge is increased from 0% to 65% is ~ 1 V (from 
0.77 V to 1.75 V). Comparison of FWHM in Fig. 4.36 with the values of FWHM and Dit 
in the preceding chapter and in [260] suggests that Dit for the samples studied in this 






. Moreover, the increase in Dit with Ge is 
not significant and is likely to be under an order of magnitude.  
Figure 4.36 Variation in FWHM and Vtip, peak of dC/dV sweeps shown in Fig. 4.34. 
Increase in FWHM (Dit) with Ge content can be observed. 
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According to [107], a 10% increase in Ge content leads to a ~ 2% increase in the 
accumulated Ge at the interface which is sufficient to increase Dit by an order of 
magnitude. Hence, the small increase in FWHM (Fig. 4.36) with Ge supports the 
likelihood that the amount of Ge diffusion (due to low thermal budget) may not be 
significant. Chemical analysis (using techniques such as photoelectron spectroscopy or 
XPS) is required to confirm this. 
The quality of the dielectric and its interface with the underlying strained SiGe layer 
has also been studied by analyzing Vtip, peak. VFB, ideal is equal to the metal and the 
semiconductor workfunction difference, φm-φs (equation 3.1). Increase in Ge content in 
strained Si1-xGex layers reduces Eg which in turn reduces φs (equation 4.10). This in 
accordance with equation 3.1 results in increased VFB, ideal with increasing Ge content for 
strained Si1-xGex layers (Table 4.4). 
In the non-ideal case (i.e. in the presence of dielectric charges), VFB can be written as 
[97], 
           
  
   
 
   
   
   4.11 
where    and     are the fixed (bulk) and interface trapped charge densities in the 
dielectric, respectively. 
Equation 4.11 indicates that in the presence of net positive charges in the dielectric, 
VFB should be less than VFB, ideal and vice versa. Fig. 4.36 has shown that VFB is negative 
for all the samples. This indicates presence of net positive charges in the dielectric since 
VFB, ideal has been calculated to be positive for all the samples (Table 4.4). It can also be 
seen in Fig. 4.36 that Vtip, peak increases (becomes more positive) until the concentration 
of Ge in the SiGe layer reaches 50%. For the highest Ge concentration of 65% studied, 
Vtip, peak reduces and becomes more negative. This may be due to the presence of 
dielectric charges of both polarities and an increase in the net charge density when Ge is 
increased from 50% to 65%. This is also supported by the widely scattered dC/dV 
sweeps in Fig. 4.34 when Ge level is increased from 50% to 65%. 
Using the values of VFB, ideal as given in Table 4.4 and using Vtip, peak as a measure of 
VFB, the magnitude of VFB, shift has been calculated and is shown in Fig. 4.37 with Ge 
concentration. It has been found that the magnitude of VFB, shift reduces up to a Ge 
concentration of 50% and increases when the amount of Ge is increased to 65%. This is 
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because experimental |VFB| reduces with Ge while the theoretical |VFB, ideal| increases 
with Ge. When the Ge concentration is increased from 50% to 65% |VFB| increases 
which increases |VFB, shift|. Fig. 4.36 shows that Dit increases with Ge while Fig. 4.37 
shows that |VFB, shift| due to dielectric charges reduces until the level of Ge exceeds 50%. 
Since VFB depends not only on interface charges (like Dit) but also on bulk charges and 
workfunction differences, Fig. 4.37 suggests that dielectric charges of both polarities 




4.4.3 Sensitivity of SCM for identifying other dielectric related defects  
Fig. 4.38 shows the dC/dV sweeps from the oxidised Si0.80Ge0.20 layer. A feature 
which has been regularly observed is that the dC/dV sweeps from the oxidised 
Si0.80Ge0.20 layer do not exhibit the expected U-shape throughout. A distortion in the 
dC/dV sweeps at Vtip ~ -1 V has been consistently observed (Fig. 4.38). Interface traps 
associated with metallic contamination induced defects are expected to cause such 
distortion in the dC/dV sweeps [261, 262]. The reliability of semiconductor devices is 
strongly affected by metal contamination [263, 264]. Metallic contaminants can induce 
interfacial defects, such as metal precipitates and oxidation induced stacking faults 
during processing [265, 266]. Material characterisation prior to oxidation did not 
Figure 4.37 |VFB, shift| for PtIr5/SiO2/Si1-xGex MOS capacitors with varying Ge 
content obtained by subtracting VFB, ideal in Table 4.4 from Vtip, peak of dC/dV 
sweeps in Fig. 4.36. 
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identify any difference in terms of defects. It is likely that there was an oxidation 
anomaly. Iron (Fe) which is a commonly observed donor-type impurity in Si wafers can 
diffuse into Si during thermal oxidation, resulting in Fe-related defects such as Fei and 
Fe-B pairs [261, 267]. Both Fei and Fe-B are strong recombination centres and can 
cause minority carriers in the region to respond to the ac modulation during SCM 
analysis [261, 268].  
 
 
Presence of defects induced distortion (Fig. 4.38) is an indicator of high sensitivity of 
the SCM measurement setup to other dielectric related defects. However, such 
distortion has only been observed for a low Ge concentration (20%). Further chemical 
characterisation using techniques such as XRD, EDX and XPS is required to identify 
any differences in the interface quality and composition for the sample under 
consideration. 
 
4.4.4 Comparison of nanoscale Dit and VFB with macroscopic data 
Nanoscale SCM analysis has shown that Dit increases with Ge content in the strained 
SiGe layer (section 4.4.2). Effect of Ge content on Dit has been extensively studied 
before [243-245, 253, 269-277]. Fig. 4.39 compares the nanoscale Dit trends shown in 
this chapter with some of the previously reported macroscopic Dit data. It can be 
Figure 4.38 dC/dV sweeps from the oxidised Si0.80Ge0.20 layers showing distortion 
at Vtip ~ -1 V. 
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observed that the trends in Dit (increase with Ge) obtained at nanoscale are similar to 
previously reported device level behaviour. Such good correlation validates the SCM 












 (section 4.4.2). This is either lower than or comparable with previously 
reported macroscopic data (Fig. 4.39). This further confirms 65% of Ge as an optimum 
concentration for strained SiGe devices. 
Fig. 4.40 compares previously reported macroscopic values of VFB [278-280] with 
the values of nanoscale VFB (Vtip, peak) (Fig. 4.36). The values for macroscale VFB shown 
in Fig. 4.40 have been corrected for the respective workfunction differences with a PtIr5 
coated tip. Although the trend of increase in VFB with Ge agrees at macro and nanoscale, 
the exact values of VFB exhibit opposite polarity. This shows that negative charges in the 
dielectrics on strained SiGe layers have been generally reported. For the samples 
studied in this work, net positive dielectric charges have been observed. This may not 
be an issue as charges of both polarities can be present in the dielectric. Similar 
differences in polarity of macroscale VFB with Vtip, peak from SCM have been reported 
Figure 4.39 Comparison of nanoscale Dit trends (from SCM) with previously 
reported device level behaviour [243-245, 253, 270-277]. 
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before [219]. Further SCM analysis on other materials and interface systems may be 




4.4.5 Interface quality at contrasting regions in SCM images 
It has been shown in section 3.3.6 that bright regions in the SCM maps of SiO2 on 
rough SRB strained Si channels exhibit high FWHM indicating enhanced Dit at troughs 
and along the steep slopes of crosshatch undulations. In order to identify similar trends 
for Dit in compressively strained SiGe devices, dC/dV sweeps from contrasting regions 
of the SCM maps were obtained. In total, 20 dC/dV sweeps including 10 each from 
bright and dark areas in the SCM maps of each sample were recorded. These sweeps 
and the variation in FWHM and Vtip, peak exhibited by them are shown in Fig. 4.41. The 
FWHM and Vtip, peak from bright and dark regions have been found to be nearly similar 
and have failed to indicate any definite trend. This may be due to the fact that the levels 
of Dit in these samples may be low and uniformly distributed (since surface roughness 
in these samples has been found to be considerably lower than the tensile strained Si 
samples studied in the preceding chapters). 
Figure 4.40 Comparison of nanoscale VFB (Vtip, peak) with previously reported 







No difference in dC/dV sweeps from contrasting regions in the SCM maps was 
observed (Fig. 4.41). This poses a question on the impact of the finite tip geometry. 
Consequently, the sensitivity of the current SCM setup requires further understanding.  
In the absence of any differences in Dit from bright and dark regions (Fig. 4.41), the 
contrasting regions in the SCM maps (Figs. 4.28-4.32) can be largely attributed to small 
scale features in the surface morphology. In addition, collective influence of minor 




Nanoscale analysis of leakage, localised breakdown, dielectric thickness and 
dielectric/semiconductor interface quality of thin oxides on compressively strained Si1-
xGex layers with varying Ge levels has been carried out.  
Surface morphology and roughness has not been found to vary significantly with Ge 
for the samples studied. This is in contrast with most of the previous reports which 
show that roughness increases with the amount of Ge in the strained SiGe alloy. Small 
scale undulations on the surface of Si capped and oxidised Si0.35Ge0.65 layers were 
observed. Slight increase in small scale roughness was observed when high resolution 
AFM images were filtered using MATLAB. According to some previous reports, minor 
Figure 4.41 Individual dC/dV sweeps (left) and variation in FWHM and Vtip, peak 
(right) obtained from the bright and dark regions of the SCM maps for SiO2/Si1-
xGex stacks with (a) x = 0, (b) x = 0.20, (c) x = 0.35, (d) x = 0.50, and (e) x = 0.65. 
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variations in roughness can also influence gate dielectric performance. No undulations 
or differences in surface roughness were observed when electrical AFM tips with 
conductive coatings were used. This is expected to be due to the large contact areas and 
contact mode imaging. 
It is shown that uniform distribution of leakage spots is observed if morphological 
instabilities such as ripples and undulations often associated with epitaxially grown 
strained SiGe layers can be avoided. Gate leakage at nanoscale has been quantified and 
has been found to increase with Ge concentration. It has been shown that samples with 
higher Ge content (50% and 65%) reach the current limit of the measurement setup 
before lower concentrations. This implies that dielectrics on Ge-rich strained SiGe 
layers are expected to break earlier than Si-rich layers. Electron affinity comparable 
with bulk-Si and higher transverse effective mass are expected to be the primary reasons 
for enhanced leakage with Ge. Additionally, Ge out-diffusion and valence band offsets 
are also expected to play a secondary role in enhancing leakage at higher Ge 
concentrations. Nanoscale variations in Jg are in agreement with theory and previously 
reported device level data. The level of nanoscale Jg is comparable with previously 
reported macroscopic values of Jg for strained SiGe channel devices. This implies that 
65% of Ge in the strained SiGe channel is an optimum concentration for enhancing 
mobility and maintaining acceptable levels of gate leakage. Localised variations (< 2 Å) 
in tox show that variation in Ge content does not influence tox.  
Nanoscale SCM measurements show that Dit increases with increase in Ge content in 
the strained SiGe layer. Such nanoscale Dit behaviour is similar to previously reported 
macroscopic trends. Comparison of FWHM in this work with FWHM and Dit in a 
previous report and the preceding chapter suggest that Dit in the samples studied is less 






. Also, the increase in Dit with Ge is likely to be under an order of 
magnitude. Such levels of Dit are either comparable with or lower than previously 
reported macroscopic Dit in strained SiGe channel devices. The small increase in 
FWHM (and hence Dit) with varying Ge also supports the likelihood that Ge diffusion 
due to low thermal budget may not be significant. SCM analysis of nanoscale Dit has 
further shown that 65% Ge is an optimum concentration for realising high carrier 
mobility strained SiGe devices. 
Variation in VFB and its shift from its ideal value with varying Ge has also been 
studied. It has been observed that |VFB, shift| reduces until the Ge concentration exceeds 
50%. This reduction may be explained by the fact that VFB depends on both bulk and 
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interface charges and metal-semiconductor workfunction difference. Presence of 
charges of both polarities may have resulted in |VFB, shift| reducing till Ge content exceeds 
50%. An increase in |VFB, shift| is observed when Ge content is increased from 50% to 
65%. This may be due to the increased net charge density. Which is also supported by 
the widely scattered dC/dV sweeps when Ge level is increased from 50% to 65%. 
SCM setup does appear to detect defects and trap-sites. However, no difference in 
dC/dV sweeps from contrasting regions in the SCM maps was observed. This poses a 
question on the impact of the finite tip geometry. While a sharper tip will enhance the 
topographic resolution it may not be able to easily locate trap sites as the contact area is 
considerably reduced. This issue gains further importance when devices which exhibit 
low levels of Dit are analysed by sharp tips. Large number of measurements preferably 
using more than one probe tip may be obtained in such a scenario. Hence, sensitivity of 
the current SCM measurement setup is required to be studied in greater detail. SCM 
analysis of standard SiO2/Si stacks with a wide spread in Dit can help in understanding 
the lower limit of Dit which can be studied by SCM.  
Although performance of SiO2 has been studied in this work, the measurement 
techniques and the results discussed here have implications for high-κ dielectrics. This 
is because high-κ dielectrics generally undergo low thermal budget (similar to the 
samples studied in this chapter) which reduces Ge out-diffusion and hence the issue of 
segregation is controlled.  
The attractive electrical performance of dielectrics on epitaxial SiGe layers shown in 
this chapter is a step towards realizing high performance strained Ge channel devices 







Chapter 5. Further work and applications  
 
The applicability of electrical SPM techniques has been demonstrated for strained 
Si/SiGe in the preceding chapters. This chapter discusses the current work and further 
applications which can use electrical SPM analysis developed in this thesis. The first 
section discusses the interfacial analysis in thin anti-reflective coatings on glass 
windows. The second section describes the applicability of electrical SPM techniques to 
nanoscale tubular structures. This is followed by a brief description of the SCM analysis 
of standard SiO2/Si samples to allow a better understanding of its sensitivity. 
 
 
5.1 Thin anti-reflective coatings on glass windows 
  
5.1.1 Background 
A technologically important requirement from architectural windows is to achieve 
improved thermal and optical properties whilst maintaining aesthetic appearance. Proper 
design and choice of glass windows affect the energy usage of a building. In view of the 
need to manage energy, there is a widespread interest for materials which improve the 
performance of glazed windows [281, 282]. An energy efficient window is capable of 
harnessing natural visible light and avoiding heat transfer between the interiors and the 
outside environment, thereby reducing the energy load. Thin anti-reflective coatings 
(which are transparent in the visible region and opaque for infra-red wavelengths) 
transmit light and block heat transfer. This results in energy efficient glass windows 
which are beneficial for buildings which involve large amounts of glass, e.g. 
skyscrapers. 
Multi-layer coated systems such as solar control coatings consisting of a metal layer 
(e.g. silver, Ag) sandwiched between dielectrics (e.g. tin oxide, SnO2 and zinc oxide, 
ZnO) or wide bandgap semiconductors (e.g. zinc sulphide, ZnS) act as anti-reflection 
layers used for realising energy efficient windows [282-286]. The choice of materials is 
governed by geography and climate. The thickness of materials in the stack also affects 
the performance and is varied according to the intended application [286]. 
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5.1.1.1 Failure of anti-reflective coatings 
The quality of the interfaces between coatings or a coating and its substrate play an 
important role as failure at these interfaces can cause the anti-reflective coatings to fail 
[287]. The requirement is to have a strong adhesion between the coating and its 
substrate under normal operating conditions [288]. Delamination of coatings while in 
contact has been identified as an adhesive failure of multi-stack solar control coatings 
[287]. Adhesive failure of coatings on glass is effectively a fracture process occurring at 
or near the coating/substrate interface. This includes local optical failure such as a 
visible scratch. Many interfacial failures are caused by contact induced stresses, for e.g., 
transit scratches which occur during delivery [287]. Such transit scratches cause 
adhesion failure in multi-layer coatings during normal operation. For thin hard coatings, 
failure may be due to interfacial fractures during handling or cleaning [285]. The 
interfacial defects are effectively small voids (which may be aggregates of vacancies) or 
low density of chemical bonding across the interface. There are defects called 
disclinations which are effectively planes of low atomic density. The failure mode is 
like a crack, bonds are broken to extend the crack and then they reform in a different 
place so there is relative motion between the two halves of the crystal. Interfacial 
defects are about 1 micron apart. Failure can also mean loss of anti-reflection behaviour 
in a large area, however, this generally occurs at the end of life rather than during 
delivery. 
Irrespective of the reasons for failure (handling, delivery or normal operation), 
nanoscale interfacial characterisation is desirable.  
 
5.1.1.2 Characterisation of failure in anti-reflective coatings 
The interfacial toughness in solar control coatings has been extensively studied 
before using different methods [287, 289-292]. Most of these methods deliberately 
induce cracks at the interface. The propagation of such cracks is then studied as a 
measure of interfacial quality. However, these methods are not very reliable when 
coating layers are very thin [288]. Alternative methods such as nanoindentation, 
strained over-layer and scratch tests have been developed to study thin coatings on glass 
substrates [287, 289, 292]. However, these techniques suffer from issues like 
successfully inducing failure and quantifying stress state in the vicinity of failed regions 
[288]. Through the analysis in this chapter, a non-destructive electrical analysis of 
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interfacial defects and cracks is presented. SCM is capable of studying interfaces 
between thin films or a thin film and its substrate as demonstrated in the preceding 
chapters. Consequently, SCM measurement setup and analysis developed in the 
preceding chapters is used to analyse interfacial failure in multi-layer solar control 
coatings on glass substrates.  
 
5.1.2 Coatings investigated and sample preparation 
 
5.1.2.1 Multi-layer coatings on glass substrate 
The coatings studied here are the main components of solar control coatings 
including SnO2, Ag, ZnO, TiOxNy (titanium oxynitride) and glass. The coated systems 
are multilayer stacks consisting of very thin layers deposited with the same architecture 
and deposition conditions as in a commercial solar control coating. The multi-layer 
stack is shown in Fig. 5.1. The most important layer in such coatings is a 10 nm thick 
active layer of Ag surrounded by anti-reflection coatings (40 or 200 nm of SnO2, 10 nm 
of ZnO) and 5 nm of TiOxNy barrier layers. The thin layer of zirconium, Zr (5 nm) 
allows deposition of SnO2 on Ag. The coatings were produced on a full scale 
experimental glass coating line at the Pilkington Technology Centre (Lathom, UK) 





Figure 5.1 Schematic of the multi-layer stack studied in this work. 
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5.1.2.2 Sample preparation 
The interface between the active layer of Ag and SnO2 has been studied. Analysis of 
the other interface between Ag and ZnO (another anti-reflective material) was not 
possible due to impractical sample preparation for SCM measurements. This interface 
has recently been studied through finite element modelling [287].  
Since Ag was buried below SnO2 and a thin layer of Zr (which was required to 
deposit SnO2 on Ag). The coatings of SnO2 and Zr were damaged using flat metal and 
then conductive silver paint was used to make a contact between the active layer and the 
AFM metal disc. This preparation was required to allow application of dc and ac bias to 
the active layer through the substrate. Fig. 5.2 shows the sample prepared for 
measurement under the AFM. The PtIr5 coated SCM tip, SnO2 and Ag layer formed a 






Figure 5.2 Prepared sample for SCM measurement. 
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5.1.3 Nanoscale electrical analysis 
 
5.1.3.1 Measurement conditions 
Two samples with different SnO2 thickness (40 nm and 200 nm) were studied. SCM 
images were obtained at Vdc = 0 V, Vac = 3 Vrms and fac = 20 kHz. Identical measurement 
settings on the lock-in amplifier were used for both the samples. The value for Vac is 
higher than the ones used for analysing strained Si and SiGe materials in chapters 3 and 
4 respectively. This is because a MIM capacitor is expected to have a capacitance 
response which does not vary significantly with applied voltage. This means that the 
slope of capacitance, ΔC (parameter measured in SCM) is expected to be very small. 
Hence in order to enhance the contrast in the SCM image due to minor capacitive 
variations (which otherwise may go undetected), Vac was increased to a high value of 3 
Vrms [216]. 
 
5.1.3.2 SCM imaging of the SnO2/Ag interface 
Figs. 5.3 and 5.4 show 5 x 5 µm
2
 topography (left) and SCM (right) images obtained 
from the surfaces of 40 nm and 200 thick SnO2 coatings, respectively. No particular 
features in the SCM images were observed for either of the samples. Figs. 5.3 and 5.4 
also show that the magnitude of the SCM signal is higher for a thinner dielectric and 
vice versa. This is in agreement with the inverse linear relationship between capacitance 
and dielectric thickness. The reduction in the SCM signal magnitude is ~ 4 times (from 
± 0.8 V to ± 0.2 V) for a 5 fold increase (from 40 nm to 200 nm) in thickness. This 
indicates that the SCM setup is responding to differences in the thickness of SnO2 layer 
which suggests that the SCM setup is not only capable of studying MOS systems but 
can also be applied to other materials and interfaces such as MIM capacitors. Uniform 
level of SCM signal (with no particularly contrasting features) in Figs. 5.3 and 5.4 
indicates a capacitor with low level of non-linearity in its capacitive behaviour and a 
uniform thickness of the dielectric. 
Lack of definite features in the SCM images in Figs. 5.3 and 5.4 suggest that the 
interface between SnO2 and Ag may not be the reason for the failure in solar control 
coatings. Recently on the basis of finite element modelling analysis it has been 
suggested that cracks may develop during handling and transit due to the failure at the 
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Ag/ZnO interface in a ZnO-Ag-ZnO solar coatings stack [287]. Hence the SCM 




Figure 5.3 Topography (left) and SCM (right) images from the surface of 40 nm 






Figure 5.4 Topography (left) and SCM (right) images from the surface of 200 
nm SnO2 coated on a thin active layer of Ag. 
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It is possible that defects and trap sites at the SnO2/Ag interface are located farther 
apart than 5 µm (scan size of Figs. 5.3 and 5.4) and may have gone undetected while the 
scans of Figs. 5.3 and 5.4 were recorded. Therefore, larger (10 x 10 µm
2
) scans were 
obtained which are shown in Figs. 5.5 (SnO2 thickness = 40 nm) and 5.6 (SnO2 
thickness = 200 nm). SCM images of Figs. 5.5 and 5.6 exhibit similar behaviour as 
smaller areas (Figs. 5.3 and 5.4). This suggests that the dielectric thickness is uniform 
over a large area and the interface between the anti-reflective SnO2 and active layer of 





Figure 5.6 Topography (left) and SCM (right) scan from the surface of 200 nm 
SnO2 coated on a thin active layer of Ag. Scan size: 10 x 10 µm
2
. 
Figure 5.5 Topography (left) and SCM (right) scan from the surface of 40 nm 





5.1.3.3 Localised analysis using spectroscopic dC/dV sweeps 
In the absence of any capacitive variations due to large scale interfacial defects (Figs. 
5.3-5.6), dC/dV sweeps were obtained from 20 random locations using the SCM in 
spectroscopic mode. Figs. 5.7 and 5.8 show individual dC/dV sweeps obtained from 
SnO2/Ag stacks with different SnO2 thickness (40 nm and 200 nm). The sweeps in Figs. 
5.7 and 5.8 exhibit near constant levels of dC/dV magnitude with Vtip. This indicates that 
the capacitance response of MIM capacitors is largely constant as no influence of 
defects or trapped charges is observed. Fig. 5.9 shows a comparison of a typical dC/dV 
sweep for both the samples. The dC/dV magnitude is reduced for thicker dielectrics 
compared with those with lower thickness. The reduction in the level of dC/dV signal is 
nearly 5 times for a similar increase in thickness. This confirms the sensitivity of the 
SCM measurement setup to MIM capacitors in accordance with the inverse relationship 
between capacitance and dielectric thickness. 
MIM capacitors with thin high-κ dielectrics exhibit nearly constant capacitance 
response with applied voltage and this linearity increases with dielectric thickness [293-
295].  SnO2 has a lower dielectric constant (κ ~ 10) compared with commonly used 
high-κ dielectrics, such as HfO2 (κ ~ 25), ZrO2 (κ ~ 25), TiO2 (κ ~ 80) and SrTiO3 (κ ~ 
2000). Also, the typical oxide thickness in solar control coatings (few tens of nm) is 
considerably higher compared with commonly observed dielectric thickness (< 10 nm) 
in high-κ MIM capacitors such as HfO2 and ZrO2. Therefore, a MIM capacitor with a 
relatively thick SnO2 is expected to exhibit nearly constant capacitance (since 
capacitance is directly proportional to κ and inversely proportional to tox) over the whole 
range of measurement. Consequently, the slope (dC/dV) of such a capacitance curve 









Figure 5.8 Individual dC/dV sweeps obtained from the surface of a 200 nm thick 
SnO2 coating on a thin active layer of Ag. 
Figure 5.7 Individual dC/dV sweeps obtained from the surface of a 40 nm thick 






The SCM measurement setup described in the preceding chapters has been applied to 
industrial standard solar control coating system. The SCM metal tip, oxide coating and 
the active (Ag) layer formed a MIM capacitor which responded accurately to variations 
in oxide (SnO2) thickness. The data suggests that the interface between the anti-
reflective coating of SnO2 and the active Ag layer may not be responsible for the failure 
of solar control coatings. These observations based on SCM analysis support the 
recently reported finite element modelling study which states that the Ag/ZnO interface 
is more likely to fail during contact. The SnO2/Ag interface may fail over time during 
normal operation. However, this requires further analysis of solar control coatings 
which have been in active use for varying lengths of time. The work demonstrates that 





Figure 5.9 Typical dC/dV sweeps obtained from the surface of SnO2 coatings of 
different thickness on a thin active layer of Ag. 
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5.2 Synthetic chrysotile nanotubes 
 
Novel materials with nanoscale dimensions have simulated new scientific and 
technological breakthroughs in the field of solid-state electronics. Hollow cylindrical 
nanotubes have gained significant ground due to their attractive electrical and optical 
properties. Such nanotubes can be exploited to suit various semiconducting and 
superconducting applications. 
Synthetic chrysotile (white asbestos) is non-toxic and possesses asbestos fibre 
properties, such as heat resistance, non-combustibility, high tensile strength and 
resistance to selective chemical attack [296, 297]. Asbestos tubes are highly insulating 
and can confine different materials in its hollow core. These attractive properties make 
synthetic chrysotile nanotubes excellent candidates to prepare innovative inorganic 
nanowires. Such nanowires can be realised by filling the inner hollow core with metal, 
non-metal, semiconductor and organic materials depending on the intended application. 
Fig. 5.10 shows a TEM image of a single tubular chrysotile nanocrystal [296, 297]. 
Although, compositional analysis and potential applications of chrysotile nanotubes 
is well documented, electrical performance of these is rarely reported. Ivanova et al. 
reported resistance-temperature variation in chrysotile nanotubes filled with molten Hg, 





Owing to the typical dimensions of individual nanotubes, nanoscale imaging 
techniques are expected to play a pivotal role in their characterisation. Spacing between 
individual nanocrystals enclosed in the nanotubes has till now been studied using 
Figure 5.10 TEM image of a single tubular chrysotile nanocrystal [296, 297]. 
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transmission electron microscopy (TEM) which is a complex, expensive and destructive 
technique. It is highly desirable to provide a comparatively easier and a non-destructive 
characterisation method. 
Electrical SPM techniques such as C-AFM and SCM may be used to spatially locate 
the enclosed crystals on the basis of their localised electrical signatures.  
A frequent challenge associated with imaging nanostructures with AFM is sample 
preparation. In order to measure such nanoparticles with AFM there are 3 major 
requirements: 
1. Strong adhesive contact between the particles and the substrate.  
2. Substrate should be flatter than the typical height of the particles. 
3. Particles should be well dispersed on the substrate.  
For electrical AFM imaging another requirement of a conductive contact arises. This 
is because electrical bias is typically applied through the substrate. AFM imaging of 
chrysotile nanotubes has been carried out by drying them on mica which is an insulator. 
This is not suitable for electrical analysis. Therefore, a small piece of clean Si wafer 
may be used on which nanotubes can be studied. Si substrate will be smooth as well as 
conductive and hence may be able to satisfy the above requirements. 
For best results, it is necessary to locate individual nanotubes for electrical 
characterisation. Fig. 5.11 shows an AFM image of synthetic chrysotile nanotubes 
which were dropped from a liquid suspension and dried on mica surface [296, 297, 
299]. Only few individual nanotubes in the middle of large lumps of nanotubes can be 
observed. Consequently, locating a single nanotube is a major challenge before 







5.3 Sensitivity of SCM for thin dielectrics 
 
5.3.1 Identification of other dielectric related defects 
Fig. 4.38 in section 4.4.3 showed that the dC/dV sweeps from the SiO2/Si0.80Ge0.20 
stacks exhibited distortion at Vtip ~ -1 V. This is expected to be due to interface defects 
caused by metal contaminants which diffuse during oxidation. Material characterisation 
prior to oxidation did not identify any difference in terms of defects. Further chemical 
characterisation of oxidised samples is required to fully understand the SCM sweeps of 
Fig. 4.38. 
Material characterisation techniques such as XRD, EDX and XPS can be applied to 
study the interface quality and chemical composition for the oxidised sample under 
consideration. 
Differences in chemical composition for 20% Ge compared with other Ge 
concentrations (if verified) would validate the sensitivity of the SCM setup for other 
dielectric related defects.  
Figure 5.11 AFM image of synthetic chrysotile nanotubes [296, 297, 299]; scale 
bar = 500 nm. 
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5.3.2 Analysis of standard SiO2/Si stacks 
SCM analysis has suggested that the SCM setup is responding to defects and trap 
sites. This is because correlation between macroscopic and nanoscale trends has been 
established for two sets of materials namely, strained Si (chapter 3) and strained SiGe 
(chapter 4). However, sensitivity of the SCM setup requires further thought and 
experimentation. Sharp AFM tips enhance the topographic resolution but also reduce 
the effective contact area which reduces the probability of locating degraded areas along 
the interface. This issue gains further importance when uniformly distributed defects 
and trap sites with sharp tips are analysed. 
In order to identify the lower limit of SCM with different tip geometries and charge 
distributions, standard samples with varying Dit can be studied. SiO2/Si is regarded as 
the most stable interface in the semiconductor industry. Si is atomically smooth and its 







). The material and electrical effects of new semiconductors and 
dielectrics will be avoided if SiO2/Si interface is analysed. Consequently, SiO2/Si stacks 
with varying levels of Dit (preferably spread over 4-5 orders of magnitude) may be 
studied with SCM to understand its limits. The FWHM values obtained during the SCM 
analysis of such standard samples can then be compared with macroscopically measured 
Dit on the same wafers after metallisation. This should provide more significance and 
reliability to the values of FWHM generally obtained with SCM.  
In order to obtain samples with a wide range of Dit, deliberate alterations in 
processing have been implemented to obtain samples with varying surface roughness 
(since Rq directly affects Dit). The alterations in processing were based on an initial set 
of experiments. Bare Si wafers were subjected to different etchants to study the 
influence on surface roughness. One set of wafer was subjected to Caro etch 
(H2SO4:H2O2, 6:1 at 140 °C for 15 minutes) and mild HF (5%) clean while another set 
of wafer was subjected to Caro etch, RCA clean (NH4OH:H2O2:H2O, 1:1:5 at 75 °C for 
10 minutes) and mild HF. Fig. 5.12 shows the effect of different cleaning procedures on 
the Si surface. 
On the basis of the results in Fig. 5.12, different processing conditions have been 
implemented. These are shown in Table 5.1 along with the resulting surface roughness. 
In total, 18 bulk-Si wafers have been processed. All the wafers were subjected to a pre-
clean using TMH (tri-methyl-oxy-ethyl-ammonium-hydroxide) in a megasonic bath. 
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Thirteen wafers were subjected to two different concentrations of RCA clean while five 
wafers were not subjected to any RCA clean (Table 5.1). Three wafers were not 
oxidised to understand the influence of RCA cleaning and oxidation on surface 
roughness. One wafer (no. 11) was treated with HF (10%) for 6 minutes while another 





Figure 5.12 Variation in surface roughness, (a) before cleaning, (b) after Caro 
etch and HF, and (c) after Caro etch, RCA and HF. 
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Table 5.1 Different processing steps for obtaining bulk-Si wafers with varying 
surface roughness and hence Dit. Processing and metallisation was carried out at 



















1 1:1:5    0.14 
2 1:1:5   430 0.20 
3 1:1:5   200 0.18 
4 1:1:5   700 0.18 
5 1:1:5   not oxidised 0.24 
6 3:1:5    0.20 
7 3:1:5   430 0.19 
8 3:1:5   200 0.18 
9 3:1:5   700 0.12 
10 3:1:5    0.08 
11 3:1:5 
 
  0.07 
12 3:1:5    0.40 
13 3:1:5   not oxidised 0.21 
14     0.21 
15    430 0.18 
16    200 0.18 
17    700 0.45 
18    not oxidised 0.18 
 
 
Following this, 15 wafers were subjected to dry oxidation with an intended oxide 
thickness of 3 nm. Oxide thickness was estimated using ellipsometry and was found to 
be 2.96 ± 0.14 nm. For every RCA clean and no RCA clean, three different post 
oxidation FGA temperatures were implemented while six samples did not undergo FGA 
after oxidation.  
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Following this, wafers were bisected and one set of each wafer was metallised by 
physical vapour deposition resulting in a metal contact of 20 nm of titanium followed 
by 300 nm of aluminium. Another set of each wafer has been set aside for AFM/SCM 
analysis. 
Fig. 5.13 shows 500 x 500 nm
2
 AFM scans from wafers which exhibited lowest and 
highest surface roughness. Lowest surface roughness was observed from wafer number 
10 (0.08 nm) and 11 (0.07 nm) which were subjected to the strongest RCA 
concentration (NH4OH:H2O2:H2O = 3:1:5). Wafer number 11 was also subjected to HF 
treatment (Table 5.1). High surface roughness was observed from wafer number 12 
(0.40 nm) which was subjected to the strongest RCA clean and NH4F treatment. Wafer 
number 17 which did not undergo any RCA clean and was subjected to the highest FGA 
temperature (700 °C) exhibited highest surface roughness (0.45 nm) as shown in Table 
5.1 and Fig. 5.13. Samples which were subjected to a relatively mild RCA clean 
(NH4OH:H2O2:H2O = 1:1:5) did not exhibit any significant difference in surface 
roughness with the post oxidation FGA temperature (Table 5.1). 
Fig. 5.14 shows one typical C-V curve from each oxidised wafer obtained after 
metallisation. Differences in the C-V response suggest differences in VFB and Dit. 
Macroscopic Dit measurements of metallised wafers and SCM analysis of the wafers 
which did not undergo metallisation are required to be obtained. Subsequent 
comparison of the macroscopic Dit and FWHM of nanoscale dC/dV sweeps from the 
same set of wafers is expected to provide better understanding about the sensitivity of 
the current SCM measurement setup. 
Fig. 5.15 compares the C-V curves from metallised wafers with minimum and 
maximum surface roughness. Relative differences in parallel shift and stretch-out of the 




Figure 5.13 500 × 500 nm
2
 AFM images for wafers with lowest and highest 








Figure 5.15 Comparison of C-V curves for wafers with minimum and maximum 
surface roughness. Differences in parallel shift and stretch-out suggest 
differences in Dit and VFB. C-V measurements obtained at Fraunhofer IISB, 
Erlangen, Germany. 
Figure 5.14 C-V curves obtained from differently processed oxidised Si wafers 
post metallisation. Differences in C-V response with varying surface roughness 




Such SCM analysis of standard SiO2/Si samples may also pave the way for the 
quantification of the SCM data which is still a major challenge. Wong et al. have 
attempted to quantify the FWHM from SCM sweeps to Dit [300]. However, the model 
provided in [300] suffers from inconsistencies and consequently has not received major 
following. The analysis of standard samples as described above can be helpful in 
accurately quantifying the SCM data to Dit. This is because the SCM data and 




Chapter 6. Summary and conclusions 
  
The quality and reliability of dielectrics grown on high carrier mobility strained Si 
and strained SiGe layers used in MOS devices were investigated at the nanoscale using 
electrical SPM techniques. Nanoscale analysis based on C-AFM and SCM was 
developed to study the localised variations in leakage current and trapped charge 
densities in thin dielectrics (< 3 nm) due to the underlying strained Si/SiGe surface 
morphology. Such nanoscale variations are masked during conventional macroscopic 
measurements. Agreement between device-level (macroscale) and nanoscale data 
validates the accuracy of the device de-processing, procedures, nanoscale measurements 
and the subsequent analysis for all devices evaluated. 
The influence of substrate induced surface morphology on Jg in strained Si devices 
was assessed using C-AFM and the findings were presented in chapter 2. Fully 
processed MOS devices were analysed after layer by layer removal of the gate stack 
above the dielectric using wet etching at room temperature. LTO (150 nm) and NiSi (20 
nm) were removed by using HF (10:1) for 75s while a 10% KOH solution at room 
temperature was required to remove 150 nm of poly-Si. An intermediate stage of poly-
etch (HNO3:H2O:HF, 50:20:1) was also used between HF and KOH. This was needed 
as NiSi etching possibly resulted in a KOH resistant layer. Although poly-etch itself can 
be used for etching poly-Si, it is highly acidic and its etch selectivity against SiO2 is 
poor compared with KOH. Hot phosphoric acid (H3PO4) was also attempted to remove 
NiSi. However, the etchant was not very effective as the etch rate could not be 
controlled. Raman spectroscopy, SEM, EDX and C-AFM were used at different stages 
to verify successful de-processing.    
Following reverse processing, simultaneously obtained topography and leakage 
current maps were used to study the morphological dependence of Jg in strained Si 
MOSFETs. It was shown that degraded leakage and earlier dielectric breakdown 
characteristics of strained Si devices fabricated on rough SRBs observed 
macroscopically arise from large scale crosshatch morphology. The leakage correlates 
with the large regular surface undulations. Higher Jg was observed around troughs and 
steep slopes of the crosshatch compared with crosshatch peaks or crests. Increased 
nanoscale interface roughness, fluctuations in substrate composition and strain 
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fluctuations due to non-uniform growth rates may be responsible for the degraded 
leakage in these regions. 
Gate leakage at the nanoscale was quantified using the Hertzian contact model to 
account for the AFM tip size. There is a good agreement between the magnitude of Jg at 
macroscale (device-level) and nanoscale for the same devices, confirming the accuracy 
of the method, including reverse processing and calculation of Aeff. Strong agreement 
between the breakdown behaviour at macroscale and nanoscale has also been observed 
with the smooth SRB devices having less leakage and taking longer time to break than 
the rough SRB devices. Bulk-Si devices showed the highest leakage due to lower 
barrier height. 
Gate leakage in Si control devices and devices fabricated on smooth SiGe SRBs 
(which avoids the crosshatch pattern) does not appear to relate to any features on the 
underlying substrate. The morphological dependence of Jg on crosshatch undulations 
was lost after electrical stressing resulted in hard breakdown of the dielectric. This 
shows the need for smooth SRBs to obtain strain induced reduction in Jg expected with 
strained Si compared with bulk-Si. The maximum reduction in tunnelling current 
observed due to strain was 31% which was reduced to 17% for non-optimised SRB 
growth. 
In chapter 3, nanoscale analysis of Dit in strained Si devices has been assessed using 
the SCM analysis. Dit has been obtained from individual locations on the substrate and 
has been related to the underlying defects and morphology.  
Individual dC/dV sweeps showed that nanoscale Dit trends for bulk-Si and strained Si 
are in agreement with the macroscopic behaviour from devices grown on similar 
substrates, i.e., strained Si devices exhibit higher Dit compared with bulk-Si devices 
with rough SRB devices exhibiting the highest Dit amongst the three sets of devices. It 
has also been shown that dC/dV sweeps from troughs and steep slopes of crosshatch 
undulations (which appear as bright regions in the SCM maps) exhibit higher FWHM 
and hence higher Dit compared with peaks or crests. This morphological dependence of 
Dit on crosshatch undulations in rough SRB devices is similar to the variations in Jg 
studied in chapter 2, i.e. both Jg and Dit are enhanced near troughs and across steep 
slopes. With a fairly uniform dielectric, similar channel thickness and identical 
processing conditions, increased interface roughness across the conventional crosshatch 
undulations may explain the non-uniform behaviour in Dit for rough SRB devices. 
Fluctuations in Ge composition (out-diffusion during thermal processing) may also 
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contribute to non-uniform Dit and Jg along the crosshatch period. The difference in 
FWHM (and hence Dit) between the contrasting regions in the SCM maps of smooth 
SRB devices is reduced compared with the devices processed on rough SRB (with 
crosshatch). Strained devices which do not exhibit large crosshatch undulations but are 
rougher than Si control devices show reduced and more uniform levels of Dit compared 
with rough SRB devices. This is in agreement with previously reported macroscopic 
trends. Si control devices did not exhibit any morphological pattern, however, dC/dV 
sweeps from bright regions in the SCM maps of these devices exhibited higher FWHM 
(Dit) compared with dark regions. 
The spectroscopic SCM analysis has also shown that large scale surface roughness 
has an impact on device variability. Smooth SRB and Si control devices exhibited 
smaller differences in Dit at different locations compared with rough SRB devices with 
large scale crosshatching. 
Electrical characteristics of SiO2 on compressively strained SiGe layers were studied 
using C-AFM and SCM in chapter 4. The variations in surface morphology and 
dielectric reliability with varying strain were studied by analysing different Ge 
concentrations (0%, 20%, 35%, 50% and 65%). The analysis in chapter 4 also allowed a 
comparison with the performance of SiO2 on tensile strained Si channels (chapter 2). 
Layers with 50% or less Ge were found to be fully pseudomorphic. Slight relaxation 
was observed for the SiGe layers with 65% Ge as indicated by the XRD, Raman 
spectroscopy and AFM analysis. This is because the thickness of the Si0.35Ge0.65 layer 
exceeded its critical thickness. The Si cap on the strained SiGe layers was oxidised 
which resulted in a thermal oxide (SiO2) with a thickness ~ 2.85 nm.  
Leakage hotspots were found to be randomly distributed with no relationship 
observed between morphology and Jg using C-AFM. Jg was quantified and found to be 
increasing with the level of Ge in the strained SiGe layer. It has been shown that higher 
Ge contents (50% and 65%) reach the current limit of the measurement setup before 
lower concentrations. This implies that dielectrics on Ge rich strained SiGe layers break 
earlier than Si rich layers. Such leakage and breakdown behaviour is in accordance with 
previously reported device level data. Electron affinity comparable with bulk-Si and 
higher transverse effective mass are expected to be the reasons for degraded leakage 
with increasing Ge. Ge out-diffusion and the SiO2/Si valence band offsets are also 
expected to play a role in enhancing leakage at higher Ge concentrations. Defects due to 
slight strain relaxation in the Si0.35Ge0.65 layers may also contribute to Jg. Nanoscale Jg 
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shown in chapter 4 is comparable with previously reported device-level data from 
compressively strained SiGe channel devices. Localised variations (< 2 Å) in tox show 
that variation in Ge content does not influence tox.  
Dit is also found to increase with Ge content in the strained SiGe layer. Such 
nanoscale Dit behaviour is similar to previously reported macroscopic trends. Although 
Dit could not be quantified, comparison of FWHM and Dit from tensile strained Si 







strained SiGe layers studied in chapter 4. Such levels of Dit are either comparable with 
or lower than previously reported macroscopic Dit in strained SiGe channel devices and 
hence are acceptable, especially for Ge rich SiGe channel devices. Moreover, the 
increase in Dit with Ge as indicated by the SCM analysis is expected to be less than an 
order of magnitude. The small increase in Dit with increasing Ge also supports the 
likelihood that Ge diffusion due to low thermal budget may not be significant.  
The effect of increasing Ge on VFB has also been studied by SCM. Variation in VFB 
and |VFB, shift| suggests the presence of dielectric charges of both polarities. A reduction 
in VFB and increase in |VFB, shift| has been observed when Ge content is increased from 
50% to 65% in the strained SiGe alloy. This suggests increased net charge density 
which is also supported by the widely scattered dC/dV sweeps from the oxidised 
Si0.35Ge0.65 layer. 
Sensitivity of the SCM setup to study other interfacial defects has also been 
indicated. For a low Ge content (20%) in the strained SiGe alloy, distortions in the 
dC/dV sweeps possibly due to metal contamination induced defects have been observed. 
This suggests that SCM has the potential to be a very sensitive technique for parameter 
extraction at the nanoscale.  
The increased charge density and variability of the 65% Ge sample (which exceeded 
its critical thickness) further demonstrate the sensitivity of the SCM setup to study other 
defects and dislocations. 
The SCM measurement setup has responded to differences in material quality and 
the nanoscale trends have found strong agreement with device-level data. However, low 
variability in nanoscale Dit and VFB for some samples has posed a question on the effect 
of finite tip geometry. Devices which exhibit low density of uniformly distributed trap 
centres should be analysed through large number of measurements preferably using 
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more than one probe tip. The lower limit of Dit which may be studied with the current-
up SCM setup requires further understanding. 
In chapter 5, further work and applications which may utilise electrical SPM 
techniques are discussed. SCM analysis developed in the preceding chapters was 
applied to glass substrates coated with thin anti-reflective coatings. Such coatings are 
extensively used for realising energy efficient glass windows. The SCM metal tip, oxide 
coating (SnO2) and the active layer (Ag) formed a MIM capacitor which responded 
accurately to variations in oxide thickness. The data suggests that the interface between 
the anti-reflective coating of SnO2 and the active Ag layer is not responsible for the 
failure of solar control coatings. This agrees with finite element modelling which 
suggested that the Ag/ZnO interface is more likely to fail due to contact induced 
stresses. The SnO2/Ag interface may fail over time during normal operation. However, 
this requires further analysis of solar control coatings which have been in active use for 
varying lengths of time. The work demonstrates that the SCM can be applied to thin 
anti-reflective coatings which may require nm scale analysis. 
In order to fully understand the sensitivity of the SCM setup and to quantify the 
FWHM values from SCM to Dit, SCM analysis of standard SiO2/Si samples is 
recommended.  
To conclude, independent contributions to the electrical properties originating from 
localised regions on the substrate and dielectric have been identified on the basis of 
CAFM and SCM analysis. Nanoscale analysis has shown that a smooth SRB is required 
to obtain the full benefits of strained Si and avoid the enhanced leakage and charge 
density identified on the sloping edges of the crosshatched surface. The correlation 
between surface morphology, gate leakage and SCM signal suggests that for all 
dielectrics on high mobility substrates prone to surface roughening, the morphology as 
well as the dielectric itself can play a major role in the final dielectric quality. 
Optimized epitaxial growth will enable improved device performance, reliability and 
variability, as well as carrier mobility, for technologies incorporating CMOS on high 
mobility substrates.  
The techniques developed to study strained Si/SiGe layers can also be used to study 
individual defects or regions on dielectrics whether grown or deposited (including high-






[1] J. E. Lilienfield, "Method and Apparatus for Controlling Electric Currents, 
United States Patent No. 1745175," (applied 8
th




[2] O. Heil, "Improvements in or relating to electrical amplifiers and other control 
arrangements and devices, British Patent No. 439,457," (applied 4
th
 March 1935, 
and granted 6
th




[3] J. Bardeen and W. H. Brattain, "The transistor, a semi-conductor triode [14]," 
Physical Review, vol. 74, pp. 230-231, 1948. 
[4] S. L. Hurst, Custom VLSI microelectronics. New York: Prentice Hall, 1992. 
[5] J. S. Kilby, "Invention of the integrated circuit," IEEE Transactions on Electron 
Devices, vol. ED-23, pp. 648-654, 1976. 
[6] R. Noyce, "Semiconductor device and lead structure, United States Patent No. 
2,981,877," (applied 30th July 1959, and granted 25th April 1961). 
[7] D. Kahng and M. M. Atalla, "Silicon-silicon dioxide field induced surface 
devices," IRE-AIEE Solid-State Device Research Conference, 1960. 
[8] F. M. Wanlass and C. T. Sah, "Nanowatt logic using field-effect metal-oxide 
semiconductor triodes," IEEE International Solid-State Circuits Conference, 
Digest of Technical Papers, pp. 32-33, 1963. 
[9] G. E. Moore, "Cramming more components onto integrated circuits," 
Proceedings of the IEEE, vol. 86, pp. 82-85, 1998. 
[10] J. J. Liou and F. Schwierz, "RF MOSFET: Recent advances, current status and 
future trends," Solid-State Electronics, vol. 47, pp. 1881-1895, 2003. 
[11] P. A. Gargini, "The new scaling paradigm," in International Symposium on VLSI 
Technology, Systems and Applications., 2008, pp. 10-13. 
[12] C. T. Sah and B. B. Jie, "Generation-recombination-trapping at interface traps in 
compact MOS transistor modeling," 2007, pp. 1206-1213. 
[13] S. M. Sze, Physics of semiconductor devices, 2
nd
 ed. New York: John Wiley & 
Sons, 1981. 
[14] S. Takagi, A. Toriumi, M. Iwase, and H. Tango, "On the universality of 
inversion layer mobility in Si MOSFETs. 1. Effects of substrate impurity 




[15] International Technology Roadmap for Semiconductors, 2011 edition. 
Available: 
http://www.itrs.net/Links/2011ITRS/2011Chapters/2011ExecSum.pdf 
[16] S. M. Sze and K. K. Ng, Physics of semiconductor devices vol. 3
rd
. Hoboken, 
NJ: John Wiley and Sons, 2007. 
[17] B. Davari, R. H. Dennard, and G. G. Shahidi, "CMOS scaling for high-
performance and low-power - The next 10 years," Proceedings of the IEEE, vol. 
83, pp. 595-606, Apr 1995. 
[18] D. J. Frank, R. H. Dennard, E. Nowak, P. M. Solomon, Y. Taur, and H. S. P. 
Wong, "Device scaling limits of Si MOSFETs and their application 
dependencies," Proceedings of the IEEE, vol. 89, pp. 259-288, Mar 2001. 
[19] Y. Sun, S. E. Thompson, and T. Nishida, "Physics of strain effects in 
semiconductors and metal-oxide-semiconductor field-effect transistors," Journal 
of Applied Physics, vol. 101, May 2007. 
[20] M. L. Lee, E. A. Fitzgerald, M. T. Bulsara, M. T. Currie, and A. Lochtefeld, 
"Strained Si, SiGe, and Ge channels for high-mobility metal-oxide-
semiconductor field-effect transistors," Journal of Applied Physics, vol. 97, pp. 
011101-1-011101-27, 2005. 
[21] International Technology Roadmap for Semiconductors, 2010 update. Available: 
http://www.itrs.net/links/2010itrs/2010Update/ToPost/2010_Update_Overview.
pdf 
[22] C. Claeys, E. Simoen, S. Put, G. Giusi, and F. Crupi, "Impact strain engineering 
on gate stack quality and reliability," Solid-State Electronics, vol. 52, pp. 1115-
1126, 2008. 
[23] S. Pidin, T. Mori, K. Inoue, S. Fukuta, N. Itoh, E. Mutoh, K. Ohkoshi, R. 
Nakamura, K. Kobayashi, K. Kawamura, T. Saiki, S. Fukuyama, S. Satoh, M. 
Kase, and K. Hashimoto, "A novel strain enhanced CMOS architecture using 
selectively deposited high tensile and high compressive silicon nitride films," 
Technical Digest - International Electron Devices Meeting, IEDM, pp. 213-216, 
2004. 
[24] G. Eneman, P. Verheyen, A. De Keersgieter, M. Jurczak, and K. De Meyer, 
"Scalability of stress induced by contact-etch-stop layers: A simulation study," 
IEEE Transactions on Electron Devices, vol. 54, pp. 1446-1453, 2007. 
[25] C. H. Chen, T. L. Lee, T. H. Hou, C. L. Chen, C. C. Chen, J. W. Hsu, K. L. 
Cheng, Y. H. Chiu, H. J. Tao, Y. Jin, C. H. Diaz, S. C. Chen, M. S. Liang, and 
ieee, Stress memorization technique (SMT) by selectively strained-nitride 
capping for sub-65nm tigh-performance strained-Si device application, 2004. 
[26] C. Ortolland, P. Morin, C. Chaton, E. Mastromatteo, C. Populaire, S. Orain, F. 
Leverd, P. Stolk, F. Boeuf, and F. Arnaud, "Stress memorization technique 
(SMT) optimization for 45nm CMOS," 2006, pp. 78-79. 
204 
 
[27] J. Welser, J. L. Hoyt, and J. F. Gibbons, "NMOS and PMOS transistors 
fabricated in strained silicon/relaxed silicon-germanium structures," presented at 
the IEEE Electron Devices Meeting, San Fransisco, CA, 1992. Technical 
Digest-International, 1992. 
[28] H. M. Manasevit, I. S. Gergis, and A. B. Jones, "Electron-mobility enhancement 
in epitaxial multilayer Si-Si1-x-Gex alloy-films on (100) Si," Applied Physics 
Letters, vol. 41, pp. 464-466, 1982. 
[29] R. People, J. C. Bean, D. V. Lang, A. M. Sergent, H. L. Stormer, K. W. Wecht, 
R. T. Lynch, and K. Baldwin, "Modulation doping in GexSi1-x/Si strained layer 
heterostructures," Applied Physics Letters, vol. 45, pp. 1231-1233, 1984. 
[30] G. Abstreiter, H. Brugger, T. Wolf, H. Jorke, and H. J. Herzog, "Strain-induced 
two-dimensional electron-gas in selectively doped Si/SixGe1-x superlattices," 
Physical Review Letters, vol. 54, pp. 2441-2444, 1985. 
[31] G. Schuberth, F. Schaffler, M. Besson, G. Abstreiter, and E. Gornik, "High 
electron-mobility in modulation-doped Si/SiGe quantum-well structures," 
Applied Physics Letters, vol. 59, pp. 3318-3320, Dec 1991. 
[32] K. Ismail, B. S. Meyerson, and P. J. Wang, "High electron-mobility in 
modulation-doped Si/SiGe," Applied Physics Letters, vol. 58, pp. 2117-2119, 
May 1991. 
[33] E. A. Fitzgerald, Y. H. Xie, M. L. Green, D. Brasen, A. R. Kortan, Y. J. Mii, J. 
Michel, B. E. Weir, L. C. Feldman, and J. M. Kuo, Strain-free GexSi1-x layers 
with low threading dislocation densities grown on Si substrates vol. 220. 
Pittsburgh: Materials Research Soc, 1991. 
[34] C. G. Tuppen, C. J. Gibbings, and M. Hockly, Low threading dislocation 
densities in thick, relaxed Si1-xGex buffer layers vol. 220. Pittsburgh: Materials 
Research Soc, 1991. 
[35] D. K. Nayak, J. C. S. Woo, J. S. Park, K. L. Wang, and K. P. Macwilliams, 
"High-mobility p-channel metal-oxide-semiconductor field-effect transistor on 
strained Si," Applied Physics Letters, vol. 62, pp. 2853-2855, May 1993. 
[36] Y. H. Xie, D. Monroe, E. A. Fitzgerald, P. J. Silverman, F. A. Thiel, and G. P. 
Watson, "Very high-mobility 2-dimensional hole gas in Si/GexSi1-x/Ge structures 
grown by molecular-beam epitaxy," Applied Physics Letters, vol. 63, pp. 2263-
2264, Oct 1993. 
[37] K. Ismail, J. O. Chu, and B. S. Meyerson, "High hole mobility in SiGe alloys for 
device applications," Applied Physics Letters, vol. 64, pp. 3124-3126, Jun 1994. 
[38] C. A. Hogarth, Materials Used in Semiconductor Devices. New York: 
Interscience Publishers, 1965. 
[39] N. W. Ashcroft and N. D. Mermin, Solid State Physics. United States: Saunders 
College publishing, 1976. 
205 
 
[40] V. Chan, K. Rim, M. Ieong, S. Yang, R. Malik, Y. W. Teh, M. Yang, and Q. 
Ouyang, "Strain for CMOS performance improvement," 2005, pp. 662-669. 
[41] T. Vogelsang and K. R. Hofmann, "Electron transport in strained Si layers on 
Si1-xGex substrates," Applied Physics Letters, vol. 63, pp. 186-188, 1993. 
[42] K. Ismail, S. F. Nelson, J. O. Chu, and B. S. Meyerson, "Electron transport 
properties of Si/SiGe heterostructures: Measurements and device implications," 
Applied Physics Letters, vol. 63, pp. 660-662, 1993. 
[43] J. Welser, J. L. Hoyt, and J. F. Gibbons, "Electron mobility enhancement in 
strained-Si N-type metal-oxide-semiconductor field-effect transistors," IEEE 
Electron Device Letters, vol. 15, pp. 100-102, 1994. 
[44] H. M. Nayfeh, J. L. Hoyt, and D. A. Antoniadis, "A physically based analytical 
model for the threshold voltage of strained-Si n-MOSFETs," IEEE Transactions 
on Electron Devices, vol. 51, pp. 2069-2072, 2004. 
[45] H. M. Nayfeh, C. W. Leitz, A. J. Pitera, E. A. Fitzgerald, J. L. Hoyt, and D. A. 
Antoniadis, "Influence of high channel doping on the inversion layer electron 
mobility in strained silicon n-MOSFETs," IEEE Electron Device Letters, vol. 
24, pp. 248-250, 2003. 
[46] H. C. H. Wang, Y. P. Wang, S. J. Chen, C. H. Ge, S. M. Ting, J. Y. Kung, R. L. 
Hwang, H. K. Chiu, L. C. Sheu, P. Y. Tsai, L. G. Yao, S. C. Chen, H. J. Tao, Y. 
C. Yeo, W. C. Lee, and C. Hu, "Substrate-Strained Silicon Technology: Process 
Integration," 2003, pp. 61-64. 
[47] S. H. Olsen, A. G. O'Neill, L. S. Driscoll, K. S. K. Kwa, S. Chattopadhyay, A. 
M. Waite, Y. T. Tang, A. G. R. Evans, D. J. Norris, A. G. Cullis, D. J. Paul, and 
D. J. Robbins, "High-performance nMOSFETs using a novel strained Si/SiGe 
CMOS architecture," IEEE Transactions on Electron Devices, vol. 50, pp. 1961-
1969, 2003. 
[48] J. S. Lim, X. Yang, T. Nishida, and S. E. Thompson, "Measurement of 
conduction band deformation potential constants using gate direct tunneling 
current in n-type metal oxide semiconductor field effect transistors under 
mechanical stress," Applied Physics Letters, vol. 89, 2006. 
[49] X. Yang, Y. Choi, J. Lim, T. Nishida, and S. Thompson, "Strain induced 
changes in the gate leakage current of n-channel metal-oxide-semiconductor 
field-effect transistors," Journal of Applied Physics, vol. 110, 2011. 
[50] R. Kapoor, E. Escobedo-Cousin, S. H. Olsen, and S. J. Bull, "Nanoscale 
characterization of gate leakage in strained high-mobility devices," IEEE 
Transactions on Electron Devices, vol. 58, pp. 4016-4023, 2011. 
[51] T. Numata, T. Mizuno, T. Tezuka, J. Koga, and S. I. Takagi, "Control of 
threshold-voltage and short-channel effects in ultrathin strained-SOI CMOS 
devices," IEEE Transactions on Electron Devices, vol. 52, pp. 1780-1786, 2005. 
206 
 
[52] K. Rim, J. L. Hoyt, and J. F. Gibbons, "Fabrication and analysis of deep 
submicron strained-Si N-MOSFET's," IEEE Transactions on Electron Devices, 
vol. 47, pp. 1406-1415, 2000. 
[53] K. Rim, J. Welser, J. L. Hoyt, and J. F. Gibbons, "Enhanced hole mobilities in 
surface-channel strained-Si p-MOSFETs," presented at the Technical Digest-
International Electron Devices Meeting, Washington DC, 1995. 
[54] D. K. Nayak and S. K. Chun, "Low-field hole mobility of strained Si on (100) 
Si1-xGex substrate," Applied Physics Letters, vol. 64, pp. 2514-2516, 1994. 
[55] M. M. Rieger and P. Vogl, "Electronic-band parameters in strained Si1-xGex 
alloys on Si1-yGey substrates," Physical Review B, vol. 48, pp. 14276-14287, 
1993. 
[56] T. Mizuno, N. Sugiyama, T. Tezuka, T. Numata, T. Maeda, and S. I. Takagi, 
"Design for scaled thin film strained-SOI CMOS devices with higher carrier 
mobility," presented at the Technical Digest-International Electron Devices 
Meeting, San Francisco, CA, 2002. 
[57] M. T. Currie, C. W. Leitz, T. A. Langdo, G. Taraschi, E. A. Fitzgerald, and D. 
A. Antoniadis, "Carrier mobilities and process stability of strained Si n- and p-
MOSFETs on SiGe virtual substrates," Journal of Vacuum Science and 
Technology B: Microelectronics and Nanometer Structures, vol. 19, pp. 2268-
2279, 2001. 
[58] C. W. Leitz, M. T. Currie, M. L. Lee, Z. Y. Cheng, D. A. Antoniadis, and E. A. 
Fitzgerald, "Hole mobility enhancements and alloy scattering-limited mobility in 
tensile strained Si/SiGe surface channel metal-oxide-semiconductor field-effect 
transistors," Journal of Applied Physics, vol. 92, p. 3745, 2002. 
[59] D. K. Nayak, K. Goto, A. Yutani, J. Murota, and Y. Shiraki, "High-mobility 
strained-Si PMOSFET's," IEEE Transactions on Electron Devices, vol. 43, pp. 
1709-1716, 1996. 
[60] K. Rim, J. Chu, H. Chen, K. A. Jenkins, T. Kanarsky, K. Lee, A. Mocuta, H. 
Zhu, R. Roy, J. Newbury, J. Ott, K. Petrarca, P. Mooney, D. Lacey, S. Koester, 
K. Chan, D. Boyd, M. Ieong, and H. S. Wong, "Characteristics and device 
design of sub-100 nm strained Si N- and PMOSFETs," 2002, pp. 98-99. 
[61] R. Oberhuber, G. Zandler, and P. Vogl, "Subband structure and mobility of two-
dimensional holes in strained Si/SiGe MOSFET's," Physical Review B - 
Condensed Matter and Materials Physics, vol. 58, pp. 9941-9948, 1998. 
[62] J. Welser, J. L. Hoyt, S. I. Takagi, and J. F. Gibbons, "Strain dependence of the 
performance enhancement in strained-Si n-MOSFETs," presented at the 
International Electron Devices Meeting, San Francisco, CA, 1994. 
[63] R. Braunstein, A. R. Moore, and F. Herman, "Intrinsic optical absorption in 
germanium-silicon alloys," Physical Review, vol. 109, pp. 695-710, 1958. 
207 
 
[64] S. K. Mandal, S. Das, and C. K. Maiti, "Source engineering in short channel 
double gate vertical SiGe-MOSFETs," Materials Science in Semiconductor 
Processing, vol. 8, pp. 353-357, 2005. 
[65] S. G. Badcock, A. G. O'Neill, and E. G. Chester, "Device and circuit 
performance of SiGe/Si MOSFETs," Solid-State Electronics, vol. 46, pp. 1925-
1932, Nov 2002. 
[66] P. M. Garone, V. Venkataraman, and J. C. Sturm, "Hole confinement in MOS-
gated GeXSi1-X/Si heterostructures," IEEE Electron Device Letters, vol. 12, pp. 
230-232, May 1991. 
[67] O. M. Alatise, S. H. Olsen, N. E. B. Cowern, A. G. O'Neill, and P. Majhi, 
"Performance enhancements in scaled strained-SiGe pMOSFETs with 
HfSiOx/TiSiN gate Stacks," IEEE Transactions on Electron Devices, vol. 56, pp. 
2277-2284, 2009. 
[68] S. Deora, A. Paul, R. Bijesh, J. Huang, G. Klimeck, G. Bersuker, P. D. Krisch, 
and R. Jammy, "Intrinsic reliability improvement in biaxially strained SiGe p-
MOSFETs," IEEE Electron Device Letters, vol. 32, pp. 255-257, 2011. 
[69] H. R. Harris, P. Kalra, P. Majhi, M. Hussain, D. Kelly, J. Oh, D. He, C. Smith, J. 
Barnett, P. D. Kirsch, G. Gebara, J. Jur, D. Lichtenwalner, A. Lubow, T. P. Ma, 
G. Sung, S. Thompson, B. H. Lee, H. H. Tseng, and R. Jammy, "Band-
engineered low PMOS VT with high-κ/metal gates featured in a dual channel 
CMOS integration scheme," 2007, pp. 154-155. 
[70] R. J. P. Lander, Y. V. Ponomarev, J. G. M. van Berkum, and W. B. de Boer, 
"High hole mobilities in fully-strained Si(1-x)Ge(x) layers (0.3 < x < 0.4) and 
their significance for SiGe pMOSFET performance," IEEE Transactions on 
Electron Devices, vol. 48, pp. 1826-1832, Aug 2001. 
[71] P. Majhi, P. Kalra, R. Harris, K. J. Choi, D. Heh, J. Oh, D. Kelly, R. Choi, B. J. 
Cho, S. Banerjee, W. Tsai, H. Tseng, and R. Jammy, "Demonstration of high-
performance PMOSFETs using Si-SixGe1-x-Si quantum wells with high-κ metal-
gate stacks," IEEE Electron Device Letters, vol. 29, pp. 99-101, 2008. 
[72] G. Höck, E. Kohn, C. Rosenblad, H. Von Känel, H. J. Herzog, and U. König, 
"High hole mobility in Si0.17Ge0.83 channel metal-oxide-semiconductor field-
effect transistors grown by plasma-enhanced chemical vapor deposition," 
Applied Physics Letters, vol. 76, pp. 3920-3922, 2000. 
[73] S. E. Thompson, G. Sun, Y. S. Choi, and T. Nishida, "Uniaxial-process-induced 
Strained-Si: Extending the CMOS roadmap," IEEE Transactions on Electron 
Devices, vol. 53, pp. 1010-1020, 2006. 
[74] L. Yan, S. H. Olsen, M. Kanoun, R. Agaiby, and A. G. O'Neill, "Gate leakage 
mechanisms in strained Si devices," Journal of Applied Physics, vol. 100, 2006. 
[75] L. Yan, S. H. Olsen, E. Escobedo-Cousin, and A. G. O'Neill, "Improved gate 
oxide integrity of strained Si n -channel metal oxide silicon field effect 
208 
 
transistors using thin virtual substrates," Journal of Applied Physics, vol. 103, 
2008. 
[76] J. W. P. Hsu, E. A. Fitzgerald, Y. H. Xie, P. J. Silverman, and M. J. Cardillo, 
"Surface morphology of relaxed GexSi1-x films," Applied Physics Letters, vol. 
61, pp. 1293-1295, 1992. 
[77] S. Y. Shiryaev, F. Jensen, and J. W. Petersen, "On the nature of cross-hatch 
patterns on compositionally graded Si1-xGex alloy layers," Applied Physics 
Letters, vol. 64, pp. 3305-3307, 1994. 
[78] J. Werner, K. Lyutovich, and C. P. Parry, "Defect imaging in ultra-thin SiGe 
(100) strain relaxed buffers," EPJ Applied Physics, vol. 27, pp. 367-370, 2004. 
[79] R. Kapoor, E. Escobedo-Cousin, S. H. Olsen, and S. J. Bull, "Characterising 
gate dielectrics in high mobility devices using novel nanoscale techniques," 
Microelectronics Reliability, vol. 50, pp. 1484-1487, 2010. 
[80] E. Kasper and K. Lyutovich, "Strain adjustment with thin virtual substrates," 
Solid-State Electronics, vol. 48, pp. 1257-1263, 2004. 
[81] A. G. Cullis, D. J. Robbins, A. J. Pidduck, and P. W. Smith, "The characteristics 
of strain-modulated surface undulations formed upon epitaxial Si1-xGex alloy 
layers on Si," Journal of Crystal Growth, vol. 123, pp. 333-343, 1992. 
[82] N. E. Lee, D. G. Cahill, and J. E. Greene, "Evolution of surface roughness in 
epitaxial Si0.7Ge0.3(001) as a function of growth temperature (200-600 °C) and 
Si(001) substrate miscut," Journal of Applied Physics, vol. 80, pp. 2199-2210, 
1996. 
[83] M. E. Ware and R. J. Nemanich, "Morphology of strained and relaxed SiGe 
layers grown on high-index Si substrates," Thin Solid Films, vol. 518, pp. 1990-
1993, 2010. 
[84] E. Escobedo-Cousin, O. Alatise, R. M. B. Agaiby, P. Dobrosz, S. H. Olsen, A. 
G. O'Neill, G. Braithwaite, A. Cuthbertson, T. J. Grasby, and E. H. C. Parker, 
"Strained Si/Si1-xGex/relaxed Si1-yGey, (x > y) structures: Identifying roughness 
due to compressed SiGe and its impact on high mobility MOSFETs," 2007, pp. 
67-72. 
[85] S. H. Olsen, A. G. O'Neill, S. Chattopadhyay, L. S. Driscoll, K. S. K. Kwa, D. J. 
Norris, A. G. Cullis, and D. J. Paul, "Study of single- and dual-channel designs 
for high-performance strained-Si-SiGe n-MOSFETs," IEEE Transactions on 
Electron Devices, vol. 51, pp. 1245-1253, 2004. 
[86] J. C. Bean, L. C. Feldman, A. T. Fiory, S. Nakahara, and I. K. Robinson, 
"GeXSi1-X/Si strained-layer superlattice grown by molecular-beam epitaxy," 
Journal of Vacuum Science & Technology A-Vacuum Surfaces and Films, vol. 2, 
pp. 436-440, 1984. 
[87] J. W. Matthews and A. E. Blakeslee, "Defects in epitaxial multilayers .1. Misfit 
Dislocations," Journal of Crystal Growth, vol. 27, pp. 118-125, 1974. 
209 
 
[88] J. H. Van Der Merwe, "Crystal interfaces. Part II. Finite overgrowths," Journal 
of Applied Physics, vol. 34, pp. 123-127, 1963. 
[89] R. People and J. C. Bean, "Calculation of critical layer thickness versus lattice 
mismatch for GexSi1-x/Si strained-layer heterostructures," Applied Physics 
Letters, vol. 47, pp. 322-324, 1985 1985. 
[90] R. People and J. C. Bean, "Calculation of critical layer thickness versus lattice 
mismatch for GexSi1-x/Si strained-layer heterostructures," Applied Physics 
Letters, vol. 49, p. 229, 1986. 
[91] J. Bevk, J. P. Mannaerts, L. C. Feldman, B. A. Davidson, and A. Ourmazd, "Ge-
Si layered structures: Artificial crystals and complex cell ordered superlattices," 
Applied Physics Letters, vol. 49, pp. 286-288, 1986. 
[92] J. M. Hartmann, A. Abbadie, and S. Favier, "Critical thickness for plastic 
relaxation of SiGe on Si(001) revisited," Journal of Applied Physics, vol. 110, 
Oct 2011. 
[93] A. M. Andrews, J. S. Speck, A. E. Romanov, M. Bobeth, and W. Pompe, 
"Modeling cross-hatch surface morphology in growing mismatched layers," 
Journal of Applied Physics, vol. 91, pp. 1933-1943, 2002. 
[94] K. H. Chang, R. Gilbala, D. J. Srolovitz, P. K. Bhattacharya, and J. F. 
Mansfield, "Crosshatched surface morphology in strained III-V semiconductor 
films," Journal of Applied Physics, vol. 67, pp. 4093-4098, 1990. 
[95] R. M. France, J. F. Geisz, M. A. Steiner, B. To, M. J. Romero, W. J. Olavarria, 
and R. R. King, "Reduction of crosshatch roughness and threading dislocation 
density in metamorphic GaInP buffers and GaInAs solar cells," Journal of 
Applied Physics, vol. 111, 2012. 
[96] C. Himwas, S. Panyakeow, and S. Kanjanachuchai, "Optical properties of as-
grown and annealed InAs quantum dots on InGaAs cross-hatch patterns," 
Nanoscale Research Letters, vol. 6, pp. 1-7, 2011. 
[97] D. K. Schroder, Semiconductor Material and Device Characterization, Third ed. 
New Jersey: John Wiley & Sons, Inc., 2006. 
[98] R. J. Mears, "Addressing gate leakage with reengineered silicon," 
Semiconductor International, vol. 30, pp. 49-52, 2007. 
[99] T. C. Chen, L. S. Lee, W. Z. Lai, and C. W. Liu, "The characteristic of HfO2 on 
strained SiGe," Materials Science in Semiconductor Processing, vol. 8, pp. 209-
213, 2005. 
[100] M. H. Cho, H. S. Chang, D. W. Moon, S. K. Kang, B. K. Min, D. H. Ko, H. S. 
Kim, P. C. McIntyre, J. H. Lee, J. H. Ku, and N. I. Lee, "Interfacial 
characteristics of HfO2 films grown on strained Si0.7Ge0.3 by atomic-layer 
deposition," Applied Physics Letters, vol. 84, pp. 1171-1173, 2004. 
[101] P. J. Tzeng, S. Maikap, P. S. Chen, Y. W. Chou, C. S. Liang, and L. S. Lee, 
"Physical and reliability characteristics of Hf-based gate dielectrics on strained-
210 
 
Si1-xGex MOS devices," IEEE Transactions on Device and Materials Reliability, 
vol. 5, pp. 168-176, 2005. 
[102] S. S. Iyer, P. M. Solomon, V. P. Kesan, A. A. Bright, J. L. Freeouf, T. N. 
Nguyen, and A. C. Warren, "A gate-quality dielectric system for SiGe Metal-
Oxide-Semiconductor devices," IEEE Electron Device Letters, vol. 12, pp. 246-
248, May 1991. 
[103] B. H. Lee, J. Oh, H. H. Tseng, R. Jammy, and H. Huff, "Gate stack technology 
for nanoscale devices," Materials Today, vol. 9, pp. 32-40, 2006. 
[104] W. Zhao, A. Seabaugh, V. Adams, D. Jovanovic, and B. Winstead, "Opposing 
dependence of the electron and hole gate currents in SOI MOSFETs under 
uniaxial strain," IEEE Electron Device Letters, vol. 26, pp. 410-412, 2005. 
[105] X. Yang, J. Lim, G. Sun, K. Wu, T. Nishida, and S. E. Thompson, "Strain-
induced changes in the gate tunneling currents in p-channel metal-oxide-
semiconductor field-effect transistors," Applied Physics Letters, vol. 88, pp. 1-3, 
2006. 
[106] C. Y. Hsieh and M. J. Chen, "Measurement of channel stress using gate direct 
tunneling current in uniaxially stressed nMOSFETs," IEEE Electron Device 
Letters, vol. 28, pp. 818-820, 2007. 
[107] G. K. Dalapati, S. Chattopadhyay, K. S. K. Kwa, S. H. Olsen, Y. L. Tsang, R. 
Agaiby, A. G. O'Neill, P. Dobrosz, and S. J. Bull, "Impact of strained-Si 
thickness and Ge out-diffusion on gate oxide quality for strained-Si surface 
channel n-MOSFETs," IEEE Transactions on Electron Devices, vol. 53, pp. 
1142-1152, May 2006. 
[108] C. K. Maiti, S. K. Samanta, S. Chatterjee, G. K. Dalapati, and L. K. Bera, "Gate 
dielectrics on strained-Si/SiGe heterolayers," Solid-State Electronics, vol. 48, 
pp. 1369-1389, 2004. 
[109] W. C. Hua, M. H. Lee, P. S. Chen, S. Maikap, C. W. Liu, and K. M. Chen, "Ge 
outdiffusion effect on flicker noise in strained-Si nMOSFETs," IEEE Electron 
Device Letters, vol. 25, pp. 693-695, 2004. 
[110] W. C. Hua, M. H. Lee, P. S. Chen, M. J. Tsai, and C. W. Liu, "Threading 
dislocation induced low frequency noise in strained-Si nMOSFETs," IEEE 
Electron Device Letters, vol. 26, pp. 667-669, 2005. 
[111] S. H. Olsen, A. G. O'Neill, D. J. Norris, A. G. Cullis, S. J. Bull, S. 
Chattopadhyay, K. S. K. Kwa, L. S. Driscoll, A. M. Waite, Y. T. Tang, and A. 
G. R. Evans, "Thermal oxidation of strained Si/SiGe: Impact of surface 
morphology and effect on MOS devices," Materials Science and Engineering B: 
Solid-State Materials for Advanced Technology, vol. 109, pp. 78-84, 2004. 
[112] M. Nishisaka, Y. Hamasaki, O. Shirata, and T. Asano, "Cross-hatch related 
oxidation and its impact on performance of strained-Si MOSFETs," Japanese 
Journal of Applied Physics, Part 1: Regular Papers and Short Notes and Review 
Papers, vol. 43, pp. 1886-1890, 2004. 
211 
 
[113] R. I. Hegde, M. A. Chonko, and P. J. Tobin, "Effect of silicon substrate 
microroughness on gate oxide quality," Journal of Vacuum Science and 
Technology B: Microelectronics and Nanometer Structures, vol. 14, pp. 3299-
3304, 1996. 
[114] M. Hirose, M. Hiroshima, T. Yasaka, and S. Miyazaki, "Characterization of 
silicon surface microroughness and tunneling transport through ultrathin gate 
oxide," Journal of Vacuum Science & Technology A, vol. 12, p. 1864, 1994. 
[115] M. Houssa, T. Nigam, P. W. Mertens, and M. M. Heyns, "Effect of extreme 
surface roughness on the electrical characteristics of ultra-thin gate oxides," 
Solid-State Electronics, vol. 43, pp. 159-167, 1999. 
[116] T. Ohmi, M. Miyashita, M. Itano, T. Imaoka, and I. Kawanabe, "Dependence of 
thin-oxide films quality on surface microroughness," IEEE Transactions on 
Electron Devices, vol. 39, pp. 537-545, 1992. 
[117] I. Kitagawa, T. Maruizumi, and N. Sugii, "Theory of electron-mobility 
degradation caused by roughness with long correlation length in strained-silicon 
devices," Journal of Applied Physics, vol. 94, pp. 465-470, Jul 2003. 
[118] N. Sugii, D. Hisamoto, K. Washio, N. Yokoyama, and S. Kimura, "Performance 
enhancement of strained-Si MOSFETs fabricated on a chemical-mechanical-
polished SiGe substrate," IEEE Transactions on Electron Devices, vol. 49, pp. 
2237-2243, 2002. 
[119] S. H. Olsen, A. G. O'Neill, D. J. Norris, A. G. Cullis, N. J. Woods, J. Zhang, K. 
Fobelets, and H. A. Kemhadjian, "Strained Si/SiGe n-channel MOSFETs: 
Impact of cross-hatching on device performance," Semiconductor Science and 
Technology, vol. 17, pp. 655-661, 2002. 
[120] S. H. Olsen, L. Yan, R. Agaiby, E. Escobedo-Cousin, A. G. O'Neill, P. E. 
Hellström, M. Östling, K. Lyutovich, E. Kasper, C. Claeys, and E. H. C. Parker, 
"Strained Si/SiGe MOS technology: Improving gate dielectric integrity," 
Microelectronic Engineering, vol. 86, pp. 218-223, 2009. 
[121] J. Eriksson, F. Roccaforte, P. Fiorenza, M. H. Weng, F. Giannazzo, J. Lorenzzi, 
N. Jegenyes, G. Ferro, and V. Raineri, "Nanoscale probing of dielectric 
breakdown at SiO2 /3C-SiC interfaces," Journal of Applied Physics, vol. 109, 
2011. 
[122] K. Kozono, T. Hosoi, Y. Kagei, T. Kirino, S. Mitani, Y. Nakano, T. Nakamura, 
T. Shimura, and H. Watanabe, "Direct observation of dielectric breakdown spot 
in thermal oxides on 4H-SiC(0001) using conductive atomic force microscopy,"  
vol. 645-6648, ed, 2010, pp. 821-824. 
[123] H. S. Jung, S. A. Lee, S. H. Rha, S. Y. Lee, H. K. Kim, D. H. Kim, K. H. Oh, J. 
M. Park, W. H. Kim, M. W. Song, N. I. Lee, and C. S. Hwang, "Impacts of Zr 
composition in Hf1-xZrxOy gate dielectrics on their crystallization behavior and 
bias-temperature- instability characteristics," IEEE Transactions on Electron 
Devices, vol. 58, pp. 2094-2103, 2011. 
212 
 
[124] J. Kwo, M. Hong, B. Busch, D. A. Muller, Y. J. Chabal, A. R. Kortan, J. P. 
Mannaerts, B. Yang, P. Ye, H. Gossmann, A. M. Sergent, K. K. Ng, J. Bude, W. 
H. Schulte, E. Garfunkel, and T. Gustafsson, "Advances in high κ gate 
dielectrics for Si and III-V semiconductors," Journal of Crystal Growth, vol. 
251, pp. 645-650, 2003. 
[125] E. P. Gusev, C. Cabral Jr, M. Copel, C. D'Emic, and M. Gribelyuk, "Ultrathin 
HfO2 films grown on silicon by atomic layer deposition for advanced gate 
dielectrics applications," Microelectronic Engineering, vol. 69, pp. 145-151, 
2003. 
[126] G. Binnig, H. Rohrer, C. Gerber, and E. Weibel, "Surface Studies by Scanning 
Tunneling Microscopy," Physical Review Letters, vol. 49, pp. 57-61, 1982. 
[127] G. Binnig, C. F. Quate, and C. Gerber, "Atomic force microscope," Physical 
Review Letters, vol. 56, pp. 930-933, Mar 1986. 
[128] R. A. Oliver, "Advances in AFM for the electrical characterization of 
semiconductors," Reports on Progress in Physics, vol. 71, 2008. 
[129] G. Borionetti, A. Bazzali, and R. Orizio, "Atomic force microscopy: A powerful 
tool for surface defect and morphology inspection in semiconductor industry," 
EPJ Applied Physics, vol. 27, pp. 101-106, 2004. 
[130] H. Nishikawa, T. Tanaka, Y. Yanase, M. Hourai, M. Sano, and H. Tsuya, 
"Formation of grown-in defects during Czochralski silicon crystal growth," 
Japanese Journal of Applied Physics, Part 1: Regular Papers and Short Notes 
and Review Papers, vol. 36, pp. 6595-6600, 1997. 
[131] T. Arf, E. F. Steigmeter, W. Hagleitner, and A. J. Pidduck, "Microroughness 
measurements on polsihed silicon wafers," Japanese Journal of Applied Physics, 
Part 1: Regular Papers and Short Notes and Review Papers, vol. 31, pp. 721-
728, 1992. 
[132] T. Baum and D. J. Schiffrin, "AFM study of surface finish improvement by 
ultrasound in the anisotropic etching of Si〈100〉 in KOH for micromachining 
applications," Journal of Micromechanics and Microengineering, vol. 7, pp. 
338-342, 1997. 
[133] O. M. R. Chyan, J. J. Chen, H. Y. Chien, J. Sees, and L. Hall, "Copper 
deposition on HF etched silicon surfaces: Morphological and kinetic studies," 
Journal of the Electrochemical Society, vol. 143, pp. 92-96, 1996. 
[134] W. T. S. Huck, L. Yan, A. Stroock, R. Haag, and G. M. Whitesides, "Patterned 
polymer multilayers as etch resists," Langmuir, vol. 15, pp. 6862-6867, 1999. 
[135] R. A. Oliver, M. J. Kappers, C. J. Humphreys, and G. A. D. Briggs, "Growth 
modes in heteroepitaxy of InGaN on GaN," Journal of Applied Physics, vol. 97, 
2005. 
[136] I. S. Fraser, R. A. Oliver, J. Sumner, C. McAleese, M. J. Kappers, and C. J. 
Humphreys, "Compositional contrast in AlxGa1-xN/GaN heterostructures using 
213 
 
scanning spreading resistance microscopy," Applied Surface Science, vol. 253, 
pp. 3937-3944, 2007. 
[137] M. Porti, M. Nafría, and X. Aymerich, "Current limited stresses of SiO2 gate 
oxides with conductive atomic force microscope," IEEE Transactions on 
Electron Devices, vol. 50, pp. 933-940, 2003. 
[138] W. Polspoel, W. Vandervorst, L. Aguilera, M. Porti, M. Nafría, and X. 
Aymerich, "Nanometer-scale leakage measurements in high vacuum on de-
processed high-κ capacitors," Microelectronics Reliability, vol. 48, pp. 1521-
1524, 2008. 
[139] M. Porti, M. Nafría, X. Aymerich, A. Olbrich, and B. Ebersberger, "Electrical 
characterization of stressed and broken down SiO2 films at a nanometer scale 
using a conductive atomic force microscope," Journal of Applied Physics, vol. 
91, pp. 2071-2079, 2002. 
[140] A. Seko, Y. Watanabe, H. Kondo, A. Sakai, S. Zaima, and Y. Yasuda, "Analysis 
of local breakdown process in stressed gate SiO2 films by conductive atomic 
force microscopy," Japanese Journal of Applied Physics, Part 1: Regular 
Papers and Short Notes and Review Papers, vol. 44, pp. 7582-7587, 2005. 
[141] V. Yanev, M. Rommel, A. J. Bauer, and L. Frey, "Characterization of thickness 
variations of thin dielectric layers at the nanoscale using scanning capacitance 
microscopy," Journal of Vacuum Science and Technology B: Microelectronics 
and Nanometer Structures, vol. 29, pp. 01A4011-01A4016, 2011. 
[142] Y. D. Hong, Y. T. Yeow, W. K. Chim, K. M. Wong, and J. J. Kopanski, 
"Influence of interface traps and surface mobility degradation on scanning 
capacitance microscopy measurement," IEEE Transactions on Electron Devices, 
vol. 51, pp. 1496-1503, 2004. 
[143] S. Kuge and H. Yoshida, "Local mapping of interface traps in HfSiO/Si structure 
by scanning capacitance microscopy using dV/dC signal," Journal of Applied 
Physics, vol. 105, 2009. 
[144] C. V. Raman and K. S. Krishnan, "A new type of secondary radiation [11]," 
Nature, vol. 121, pp. 501-502, 1928. 
[145] I. De Wolf, "Micro-Raman spectroscopy to study local mechanical stress in 
silicon integrated circuits," Semiconductor Science and Technology, vol. 11, pp. 
139-154, 1996. 
[146] S. Nakashima, T. Mitani, M. Ninomiya, and K. Matsumoto, "Raman 
investigation of strain in Si/SiGe heterostructures: Precise determination of the 
strain-shift coefficient of Si bands," Journal of Applied Physics, vol. 99, 2006. 
[147] P. Dobrosz, S. J. Bull, S. H. Olsen, and A. G. O'Neill, "The use of Raman 
spectroscopy to identify strain and strain relaxation in strained Si/SiGe 
structures," Surface and Coatings Technology, vol. 200, pp. 1755-1760, 2005. 
214 
 
[148] F. Pezzoli, E. Bonera, E. Grilli, M. Guzzi, S. Sanguinetti, D. Chrastina, G. Isella, 
H. von Känel, E. Wintersberger, J. Stangl, and G. Bauer, "Raman spectroscopy 
determination of composition and strain in Si1 - xGex /Si heterostructures," 
Materials Science in Semiconductor Processing, vol. 11, pp. 279-284, 2008. 
[149] J. C. Li, H. D. Yang, Y. Yang, and F. X. Quan, "Growth and characterization of 
local biaxial strained SiGe," Zhejiang Daxue Xuebao (Gongxue Ban)/Journal of 
Zhejiang University (Engineering Science), vol. 45, pp. 1048-1051, 2011. 
[150] T. Walther and C. J. Humphreys, "A quantitative study of compositional profiles 
of chemical vapour-deposited strained silicon-germanium/silicon layers by 
transmission electron microscopy," Journal of Crystal Growth, vol. 197, pp. 
113-128, 1999. 
[151] G. Wöhl, V. Dudek, M. Graf, H. Kibbel, H. J. Herzog, and M. Klose, "Relaxed 
Si0.7Ge0.3 buffer layers grown on patterned silicon substrates for SiGe n-channel 
HMOSFETs," Thin Solid Films, vol. 369, pp. 175-181, 2000. 
[152] V. Destefanis, D. Rouchon, J. M. Hartmann, A. M. Papon, L. Baud, A. Crisci, 
and M. Mermoux, "Structural properties of tensily strained Si layers grown on 
SiGe(100), (110), and (111) virtual substrates," Journal of Applied Physics, vol. 
106, 2009. 
[153] J. M. Hartmann, B. Gallas, J. Zhang, and J. J. Harris, "Gas-source molecular 
beam epitaxy of SiGe virtual substrates: II. Strain relaxation and surface 
morphology," Semiconductor Science and Technology, vol. 15, pp. 370-377, 
2000. 
[154] J. M. Hartmann, A. Abbadie, D. Rouchon, J. P. Barnes, M. Mermoux, and T. 
Billon, "Structural properties of tensile-strained Si layers grown on Si1-xGex 
virtual substrates (x = 0.2, 0.3, 0.4 and 0.5)," Thin Solid Films, vol. 516, pp. 
4238-4246, 2008. 
[155] P. Ryan, M. Wormington, and A. Tokar, "Metrology of epitaxial thin-films by 
advanced HRXRD and XRR," Solid State Technology, vol. 54, pp. 20-22, 2011. 
[156] J. M. Hartmann, A. Abbadie, Y. Guinche, P. Holliger, G. Rolland, M. Buisson, 
C. Defranoux, F. Pierrel, and T. Billon, "Tensile-strained Si layers grown on 
Si0.6Ge0.4 and Si0.5Ge0.5 virtual substrates: I. Film thickness and morphology," 
Semiconductor Science and Technology, vol. 22, pp. 354-361, 2007. 
[157] M. Py, J. P. Barnes, P. Rivallin, A. Pakfar, T. Denneulin, D. Cooper, and J. M. 
Hartmann, "Characterization and modeling of structural properties of SiGe/Si 
superlattices upon annealing," Journal of Applied Physics, vol. 110, 2011. 
[158] S. E. Thompson, M. Armstrong, C. Auth, M. Alavi, M. Buehler, R. Chau, S. 
Cea, T. Ghani, G. Glass, T. Hoffman, C. H. Jan, C. Kenyon, J. Klaus, K. Kuhn, 
Z. Ma, B. McIntyre, K. Mistry, A. Murthy, B. Obradovic, R. Nagisetty, P. 
Nguyen, S. Sivakumar, R. Shaheed, L. Shifren, B. Tufts, S. Tyagi, M. Bohr, and 
Y. El-Mansy, "A 90-nm logic technology featuring strained-silicon," IEEE 
Transactions on Electron Devices, vol. 51, pp. 1790-1797, 2004. 
215 
 
[159] M. Chu, Y. Sun, U. Aghoram, and S. E. Thompson, "Strain: A solution for 
higher carrier mobility in nanoscale MOSFETs,"  vol. 39, ed, 2009, pp. 203-229. 
[160] S. Takagi, T. Irisawa, T. Tezuka, T. Numata, S. Nakaharai, N. Hirashita, Y. 
Moriyama, K. Usuda, E. Toyoda, S. Dissanayake, M. Shichijo, R. Nakane, S. 
Sugahara, M. Takenaka, and N. Sugiyama, "Carrier-transport-enhanced channel 
CMOS for improved power consumption and performance," IEEE Transactions 
on Electron Devices, vol. 55, pp. 21-39, 2008. 
[161] M. V. Fischetti, F. Gámiz, and W. Hänsch, "On the enhanced electron mobility 
in strained-silicon inversion layers," Journal of Applied Physics, vol. 92, pp. 
7320-7324, 2002. 
[162] S. Datta, G. Dewey, M. Doczy, B. S. Doyle, B. Jin, J. Kavalieros, R. Kotlyar, M. 
Metz, N. Zelick, and R. Chau, "High Mobility Si/SiGe Strained Channel MOS 
Transistors with HfO2/TiN Gate Stack," 2003, pp. 653-656. 
[163] S. H. Olsen, A. G. O'Neill, S. J. Bull, N. J. Woods, and J. Zhang, "Effect of 
metal-oxide-semiconductor processing on the surface roughness of strained 
Si/SiGe material," Journal of Applied Physics, vol. 92, p. 1298, 2002. 
[164] E. D. Palik, Handbook of optical constants of Solids. Orlando: Academic Press, 
1985. 
[165] H. Yin, K. D. Hobart, S. R. Shieh, R. L. Peterson, T. S. Duffy, and J. C. Sturm, 
"Interference-enhanced Raman scattering in strain characterization of ultra-thin 
strained SiGe and Si films on insulator," 2004, pp. 115-120. 
[166] B. Jin, J. Brask, S. Datta, G. Dewey, M. Doczy, B. Doyle, J. Kavalieros, M. 
Metz, U. Shah, N. Zelick, and R. Chau, "Mobility enhancement in 
compressively strained SiGe surface channel pMOS transistors with HfO2/TiN 
gate stack," 2004, pp. 111-122. 
[167] J. R. Hauser, "CVC program version 5.0, NCSU software," ed: Department of 
Electrical and Computer Engineering, North Carolina State University, Raleigh, 
NC, 2000. 
[168] S. W. Kaun, M. H. Wong, S. Dasgupta, S. Choi, R. Chung, U. K. Mishra, and J. 
S. Speck, "Effects of threading dislocation density on the gate leakage of 
AlGaN/GaN heterostructures for high electron mobility transistors," Applied 
Physics Express, vol. 4, 2011. 
[169] E. Simoen, G. Brouwers, G. Eneman, M. Bargallo Gonzalez, B. De Jaeger, J. 
Mitard, D. P. Brunco, L. Souriau, N. Cody, S. Thomas, and M. Meuris, "Device 
assessment of the electrical activity of threading dislocations in strained Ge 
epitaxial layers," Materials Science in Semiconductor Processing, vol. 11, pp. 
364-367, 2008. 
[170] T. Irisawa, T. Numata, E. Toyoda, N. Hirashita, T. Tezuka, N. Sugiyama, and S. 
Takagi, "Physical understanding of strain effects on gate oxide reliability of 
MOSFETs," 2007, pp. 36-37. 
216 
 
[171] E. M. Vogel, J. S. Suehle, M. D. Edelstein, B. Wang, Y. Chen, and J. B. 
Bernstein, "Reliability of ultrathin silicon dioxide under combined substrate hot-
electron and constant voltage tunneling stress," IEEE Transactions on Electron 
Devices, vol. 47, pp. 1183-1191, 2000. 
[172] J. P. John and J. McDonald, "Spray etching of silicon in the HNO3/HF/H2O 
system," Journal of the Electrochemical Society, vol. 140, pp. 2622-2625, 1993. 
[173] H. G. Chan and Y. K. Lit, "Innovative technique to examine gate oxide anomaly 
for failure analysis," 1997, pp. 28-31. 
[174] P. S. Lee, D. Mangelinck, K. L. Pey, Z. X. Shen, J. Ding, T. Osipowicz, and A. 
See, "Micro-Raman spectroscopy investigation of nickel silicides and nickel 
(platinum) silicides," Electrochemical and Solid-State Letters, vol. 3, pp. 153-
155, 2000. 
[175] F. F. Zhao, J. Z. Zheng, Z. X. Shen, T. Osipowicz, W. Z. Gao, and L. H. Chan, 
"Thermal stability study of NiSi and NiSi2 thin films," Microelectronic 
Engineering, vol. 71, pp. 104-111, 2004. 
[176] M. S. Benrakkad, M. A. Benitez, J. Esteve, J. M. Lopez-Villegas, J. Samitier, 
and J. R. Morante, "Stress measurement by microRaman spectroscopy of 
polycrystalline silicon structures," Journal of Micromechanics and 
Microengineering, vol. 5, pp. 132-135, 1995. 
[177] Z. Iqbal and S. Veprek, "Raman scattering from hydrogenated microcrystalline 
and amorphous silicon," Journal of Physics C: Solid State Physics, vol. 15, pp. 
377-392, 1982. 
[178] N. E. B. Cowern, W. J. Kersten, R. C. M. deKruif, J. G. M. vanBerkum, W. B. 
deBoer, D. J. Gravesteijn, and C. W. T. BulleLiewma, "Interdiffusion 
mechanisms in coherently strained SiGe multilayers," presented at the 
Proceedings of the Fourth International Symposium on Process Physics and 
Modeling in Semiconductor Technology, 1996. 
[179] K. Kozono, T. Hosoi, Y. Kagei, T. Kirino, S. Mitani, Y. Nakano, T. Nakamura, 
T. Shimura, and H. Watanabe, "Direct observation of dielectric breakdown spot 
in thermal oxides on 4H-SiC(0001) using conductive atomic force microscopy," 
in Materials Science Forum vol. 645-6648, ed, 2010, pp. 821-824. 
[180] J. A. Greenwood, "Adhesion of elastic spheres," Proceedings of the Royal 
Society A: Mathematical, Physical and Engineering Sciences, vol. 453, pp. 
1277-1297, 1997. 
[181] A. G. Khurshudov, K. Kato, and H. Koide, "Wear of the AFM diamond tip 
sliding against silicon," Wear, vol. 203-204, pp. 22-27, 1997. 
[182] T. Namazu and Y. Isono, "Quasi-static bending test of nano-scale SiO2 wire at 
intermediate temperatures using AFM-based technique," Sensors and Actuators, 
A: Physical, vol. 104, pp. 78-85, 2003. 
217 
 
[183] H. C. Tsai and W. Fang, "Determining the Poisson's ratio of thin film materials 
using resonant method," Sensors and Actuators, A: Physical, vol. 103, pp. 377-
383, 2003. 
[184] W. Frammelsberger, G. Benstetter, J. Kiely, and R. Stamp, "C-AFM-based 
thickness determination of thin and ultra-thin SiO2 films by use of different 
conductive-coated probe tips," Applied Surface Science, vol. 253, pp. 3615-
3626, 2007. 
[185] L. Yang, J. R. Watling, R. C. W. Wilkins, M. Boriçi, J. R. Barker, A. Asenov, 
and S. Roy, "Si/SiGe heterostructure parameters for device simulations," 
Semiconductor Science and Technology, vol. 19, pp. 1174-1182, 2004. 
[186] C. G. Van De Walle and R. M. Martin, "Theoretical calculations of 
heterojunction discontinuities in the Si/Ge system," Physical Review B, vol. 34, 
pp. 5621-5634, 1986. 
[187] R. People, "Physics and applications of GexSi1-x/Si strained-layer 
heterostructures," IEEE J. Quantum Electron., vol. 22, pp. 1696-1710, 1986. 
[188] J. A. Greenwood, K. L. Johnson, and E. Matsubara, "A surface roughness 
parameter in Hertz contact," Wear, vol. 100, pp. 47-57, 1984. 
[189] W.-C. Lee and C. Hu, "Modeling gate and substrate currents due to conduction- 
and valence-band electron and hole tunneling," in VLSI symposium, 2000, pp. 
198-199. 
[190] W. Frammelsberger, G. Benstetter, J. Kiely, and R. Stamp, "Thickness 
determination of thin and ultra-thin SiO2 films by C-AFM IV-spectroscopy," 
Applied Surface Science, vol. 252, pp. 2375-2388, 2006. 
[191] M. Porti, M. Nafría, and X. Aymerich, "Nanometer-scale analysis of current 
limited stresses impact on SiO2 gate oxide reliability using C-AFM," IEEE 
Transactions on Nanotechnology, vol. 3, pp. 55-60, 2004. 
[192] M. Porti, S. Gerardin, M. Nafría, X. Aymerich, A. Cester, A. Paccagnella, P. 
Schiavuta, and R. Pierobon, "Systematic characterization of soft- and hard-
breakdown spots using techniques with nanometer resolution," Microelectronic 
Engineering, vol. 84, pp. 1956-1959, 2007. 
[193] E. H. Nicollian and J. R. Brews, MOS (Metal Oxide Semiconductor Physics and 
Technology). New York: Wiley-Interscience, 1982. 
[194] E. H. Poindexter, "MOS interface states: Overview and physicochemical 
perspective," Semiconductor Science and Technology, vol. 4, pp. 961-969, 1989. 
[195] C. R. Helms and E. H. Poindexter, "The silicon silicon-dioxide system - its 
microstructure and imperfections," Reports on Progress in Physics, vol. 57, pp. 
791-852, Aug 1994. 
[196] C. H. Bjorkman, J. T. Fitch, and G. Lucovsky, "Correlation between midgap 
interface state density and thickness-averaged oxide stress and strain at Si-SiO2 
218 
 
interfaces formed by thermal-oxidation of Si," Applied Physics Letters, vol. 56, 
pp. 1983-1985, May 14 1990. 
[197] G. Y. Chung, C. C. Tin, J. R. Williams, K. McDonald, R. K. Chanana, R. A. 
Weller, S. T. Pantelides, L. C. Feldman, O. W. Holland, M. K. Das, and J. W. 
Palmour, "Improved inversion channel mobility for 4H-SiC MOSFETs 
following high temperature anneals in nitric oxide," IEEE Electron Device 
Letters, vol. 22, pp. 176-178, Apr 2001. 
[198] H. Matsubara, T. Sasada, M. Takenaka, and S. Takagi, "Evidence of low 
interface trap density in GeO(2)/Ge metal-oxide-semiconductor structures 
fabricated by thermal oxidation," Applied Physics Letters, vol. 93, Jul 21 2008. 
[199] L. Lai, K. J. Hebert, and E. A. Irene, "A study of the relationship between 
Si/SiO2 between interface charges and roughness," Journal of Vacuum Science 
& Technology B, vol. 17, pp. 53-59, Jan-Feb 1999. 
[200] J. Koga, S. Takagi, and A. Toriumi, "Observation of oxide-thickness-dependent 
interface roughness in Si MOS structure," Japanese Journal of Applied Physics 
Part 1-Regular Papers Short Notes & Review Papers, vol. 35, pp. 1440-1444, 
Feb 1996. 
[201] J. Maserjian and N. Zamani, "Behaviour of the Si/SiO2 interface observed by 
Fowler-Nordheim tunneling," Journal of Applied Physics, vol. 53, pp. 559-567, 
1982. 
[202] J. F. Zhang, S. Taylor, and W. Eccleston, "Electron trap generation in thermally 
grown SiO2 under Fowler-Nordheim stress," Journal of Applied Physics, vol. 71, 
pp. 725-734, Jan 1992. 
[203] D. M. Fleetwood, S. L. Miller, R. A. Reber, P. J. McWhorter, P. S. Winokur, M. 
R. Shaneyfelt, and J. R. Schwank, "New insights into radiation-induced oxide-
trap charge through thermally-stimulated-current measurement and analysis," 
IEEE Transactions on Nuclear Science, vol. 39, pp. 2192-2203, Dec 1992. 
[204] A. Ghetti, E. Sangiorgi, J. Bude, T. W. Sorsch, and G. Weber, "Tunneling into 
interface states as reliability monitor for ultrathin oxides," IEEE Transactions on 
Electron Devices, vol. 47, pp. 2358-2365, Dec 2000. 
[205] S. Takagi, N. Yasuda, and A. Toriumi, "Experimental evidence of inelastic 
tunneling and new I-V model for stress-induced leakage current," presented at 
the IEEE International Electron Devices Meeting, San Francisco, CA, 1996. 
[206] L. Larcher, A. Paccagnella, and G. Ghidini, "A model of the stress induced 
leakage current in gate oxides," IEEE Transactions on Electron Devices, vol. 48, 
pp. 285-288, Feb 2001. 
[207] B. Ricco, G. Gozzi, and M. Lanzoni, "Modeling and simulation of stress-
induced leakage current in ultrathin SiO2 films," IEEE Transactions on Electron 
Devices, vol. 45, pp. 1554-1560, Jul 1998. 
219 
 
[208] R. Degraeve, G. Groeseneken, R. Bellens, J. L. Ogier, M. Depas, P. J. Roussel, 
and H. E. Maes, "New insights in the relation between electron trap generation 
and the statistical properties of oxide breakdown," IEEE Transactions on 
Electron Devices, vol. 45, pp. 904-911, Apr 1998. 
[209] S. G. Lee, Y. P. Kim, H. L. Lee, B. J. Jin, J. W. Lee, Y. G. Shin, S. Choi, U. I. 
Chung, and J. T. Moon, "A comparative analysis of thermal gate oxide on 
strained Si/relaxed SiGe layer for reliability prediction of strained Si 
MOSFETs," Materials Science in Semiconductor Processing, vol. 8, pp. 215-
218, 2005. 
[210] C. H. Bjorkman, T. Yasuda, C. E. Shearon, Y. Ma, G. Lucovsky, U. Emmerichs, 
C. Meyer, K. Leo, and H. Kurz, "Influence of surface-roughness on the 
electrical-properties of Si-SiO2 inetrfaces and on 2
nd
 harmonic generation at 
these interfaces," Journal of Vacuum Science & Technology B, vol. 11, pp. 
1521-1527, Jul-Aug 1993. 
[211] D. Wang, M. Ninomiya, M. Nakamae, and H. Nakashima, "Electrical 
characterization of strained Si/SiGe wafers using transient capacitance 
measurements," Applied Physics Letters, vol. 86, pp. 1-3, 2005. 
[212] Y. Lin, M. C. Öztürk, B. Chen, S. J. Rhee, J. C. Lee, and V. Misra, "Impact of 
Ge on integration of HfO2 and metal gate electrodes on strained Si channels," 
Applied Physics Letters, vol. 87, pp. 1-3, 2005. 
[213] S. Uppal, M. Kanoun, J. B. Varzgar, S. Chattopadhyay, S. Olsen, and A. O'Neill, 
"Impact of Ge content on the gate oxide reliability of strained-Si/SiGe MOS 
devices," Materials Science and Engineering B: Solid-State Materials for 
Advanced Technology, vol. 135, pp. 207-209, 2006. 
[214] S. H. Olsen, A. G. O'Neill, L. S. Driscoll, S. Chattopadhyay, K. S. K. Kwa, A. 
M. Waite, Y. T. Tang, A. G. R. Evans, and J. Zhang, "Optimization of alloy 
composition for high-performance strained-Si-SiGe N-channel MOSFETs," 
IEEE Transactions on Electron Devices, vol. 51, pp. 1156-1163, 2004. 
[215] J. J. Kopanski, J. F. Marchiando, and J. R. Lowney, "Scanning capacitance 
microscopy measurements and modeling: Progress towards dopant profiling of 
silicon," Journal of Vacuum Science and Technology B: Microelectronics and 
Nanometer Structures, vol. 14, pp. 242-247, 1996. 
[216] J. J. Kopanski, J. F. Marchiando, and B. G. Rennex, "Comparison of 
experimental and theoretical scanning capacitance microscope signals and their 
impact on the accuracy of determined two-dimensional carrier profiles," Journal 
of Vacuum Science and Technology B: Microelectronics and Nanometer 
Structures, vol. 20, pp. 2101-2107, 2002. 
[217] W. K. Chim, K. M. Wong, Y. L. Teo, Y. Lei, and Y. T. Yeow, "Dopant 
extraction from scanning capacitance microscopy measurements of p-n junctions 
using combined inverse modeling and forward simulation," Applied Physics 
Letters, vol. 80, pp. 4837-4839, 2002. 
220 
 
[218] J. Yang, J. J. Kopanski, A. Postula, and M. Bialkowski, "Experimental 
investigation of interface states and photovoltaic effects on the scanning 
capacitance microscopy measurement for p-n junction dopant profiling," Applied 
Physics Letters, vol. 86, pp. 1-3, 2005. 
[219] W. K. Chim, K. M. Wong, Y. T. Yeow, Y. D. Hong, Y. Lei, L. W. Teo, and W. 
K. Choi, "Monitoring Oxide Quality Using the Spread of the dC/dV Peak in 
Scanning Capacitance Microscopy Measurements," IEEE Electron Device 
Letters, vol. 24, pp. 667-670, 2003. 
[220] J. J. Kopanski, W. R. Thurber, and M. L. Chun, "Characterization of the silicon 
dioxide-silicon interface with the scanning capacitance microscope," in 204
th
 
Electrochemical Society Fall Meeting, Orlando, FL, 2006, pp. 165-179. 
[221] T. Yamamoto, Y. Suzuki, H. Sugimura, and N. Nakagiri, "SiO2/Si system 
studied by scanning capacitance microscopy," Japanese Journal of Applied 
Physics, Part 1: Regular Papers and Short Notes and Review Papers, vol. 35, 
pp. 3793-3797, 1996. 
[222] A. Matsudaira, S. R. Mehrotra, S. S. Ahmed, G. Klimeck, and D. Vasileska, 
"MOSCap,  http://nanohub.org/resources/moscap," 2010. 
[223] O. Bowallius and S. Anand, "Evaluation of different oxidation methods for 
silicon for scanning capacitance microscopy," Materials Science in 
Semiconductor Processing, vol. 4, pp. 81-84, 2001. 
[224] D. Goghero, V. Raineri, and F. Giannazzo, "Study of interface states and oxide 
quality to avoid contrast reversal in scanning capacitance microscopy," Applied 
Physics Letters, vol. 81, pp. 1824-1826, 2002. 
[225] K. M. Wong and W. K. Chim, "Deep-depletion physics-based analytical model 
for scanning capacitance microscopy carrier profile extraction," Applied Physics 
Letters, vol. 91, p. 013510, 2007. 
[226] M. Rommel, V. Yanev, A. Paskaleva, T. Erlbacher, M. Lemberger, A. J. Bauer, 
and L. Frey, "Electrical scanning probe microscopy techniques for the detailed 
characterization of high-κ dielectric layers," ECS Transactions, vol. 28(2), pp. 
139-156, 2010. 
[227] P. Fiorenza, R. Lo Nigro,  . Raineri, S. Lombardo, R. G. Toro, G. Malandrino, 
and I. L. Fragal , "From micro- to nanotransport properties in Pr2O3-based thin 
layers," Journal of Applied Physics, vol. 98, pp. 1-6, 2005. 
[228] P. Fiorenza, R. Lo Nigro, V. Raineri, S. Lombardo, R. G. Toro, G. Malandrino, 
and I. L. Fragalà, "Defects induced anomalous breakdown kinetics in Pr2O3 by 
micro- and nano-characterization," Microelectronics Reliability, vol. 47, pp. 
640-644, 2007. 
[229] S. E. Thompson, G. Sun, K. Wu, J. Lim, and T. Nishida, "Key differences for 
process-induced uniaxial vs. substrate-induced biaxial stressed Si and Ge 
channel MOSFETs," 2004, pp. 221-224. 
221 
 
[230] T. Ghani, "A 90nm high volume manufacturing logic technology featuring novel 
45nm gate length strained silicon CMOS transistors," IEDM Tech. Dig., pp. 978-
980, 2003. 
[231] T. Krishnamohan, C. Jungemann, D. Kim, E. Ungersboeck, S. Selberherr, P. 
Wong, Y. Nishi, and K. Saraswat, "Theoretical investigation of performance in 
uniaxially- and biaxially-strained Si, SiGe and Ge double-gate p-MOSFETs," 
2006. 
[232] D. A. Antoniadis and A. Khakifirooz, "MOSFET performance scaling: 
Limitations and future options," 2008. 
[233] J. Oh, P. Majhi, R. Jammy, R. Joe, T. Sugawara, Y. Akasaka, T. Kaitsuka, T. 
Arikado, and M. Tomoyasu, "Fully strained Si0.75Ge0.25 epitaxial films with 
HfSiO gate dielectrics for high mobility channel metal-oxide semiconductor 
devices," Microelectronic Engineering, vol. 85, pp. 1804-1806, 2008. 
[234] T. Manku and A. Nathan, "Lattice mobility of holes in strained and unstrained 
Si1-xGex alloys," Electron device letters, vol. 12, pp. 704-706, 1991. 
[235] J. M. Hinckley and J. Singh, "Hole transport theory in pseudomorphic Si1-xGex 
alloys grown on Si(001) substrates," Physical Review B, vol. 41, pp. 2912-2926, 
1990. 
[236] F. K. LeGoues, R. Rosenberg, T. Nguyen, F. Himpsel, and B. S. Meyerson, 
"Oxidation studies of SiGe," Journal of Applied Physics, vol. 65, pp. 1724-1728, 
1989. 
[237] F. K. LeGoues, R. Rosenberg, and B. S. Meyerson, "Kinetics and mechanism of 
oxidation of SiGe: Dry versus wet oxidation," Applied Physics Letters, vol. 54, 
pp. 644-646, 1989. 
[238] D. K. Nayak, K. Kamjoo, J. S. Park, J. C. S. Woo, and K. L. Wang, "Wet 
oxidation of GeSi strained layers by rapid thermal processing," Applied Physics 
Letters, vol. 57, pp. 369-371, 1990. 
[239] C. G. Ahn, H. S. Kang, Y. K. Kwon, S. M. Lee, B. R. Ryum, and B. K. Kang, 
"Oxidation-induced traps near SiO2/SiGe interface," Journal of Applied Physics, 
vol. 86, pp. 1542-1547, 1999. 
[240] M. J. Palmer, G. Braithwaite, T. J. Grasby, P. J. Phillips, M. J. Prest, E. H. C. 
Parker, T. E. Whall, C. P. Parry, A. M. Waite, A. G. R. Evans, S. Roy, J. R. 
Watling, S. Kaya, and A. Asenov, "Effective mobilities in pseudomorphic 
Si/SiGe/Si p-channel metal-oxide-semiconductor field-effect transistors with 
thin silicon capping layers," Applied Physics Letters, vol. 78, pp. 1424-1426, 
2001. 
[241] M. Mukhopadhyay, S. K. Ray, C. K. Maiti, D. K. Nayak, and Y. Shiraki, 
"Electrical properties of oxides grown on strained SiGe layer at low 
temperatures in a microwave oxygen plasma," Applied Physics Letters, vol. 65, 
pp. 895-897, 1994. 
222 
 
[242] J. Huang, P. D. Kirsch, J. Oh, S. H. Lee, P. Majhi, H. R. Harris, D. C. Gilmer, G. 
Bersuker, D. Heh, C. S. Park, C. Park, H. H. Tseng, and R. Jammy, 
"Mechanisms limiting EOT scaling and gate leakage currents of high-κ/ Metal 
gate stacks directly on SiGe," IEEE Electron Device Letters, vol. 30, pp. 285-
287, 2009. 
[243] L. Souriau, T. Nguyen, E. Augendre, R. Loo, V. Terzieva, M. Caymax, S. 
Cristoloveanu, M. Meuris, and W. Vandervorst, "High-hole-mobility silicon 
germanium on insulator substrates with high crystalline quality obtained by the 
germanium condensation technique," Journal of the Electrochemical Society, 
vol. 156, pp. H208-H213, 2009. 
[244] J. Oh, P. Majhi, R. Jammy, R. Joe, A. Dip, T. Sugawara, Y. Akasaka, T. 
Kaitsuka, T. Arikado, and M. Tomoyasu, "Additive mobility enhancement and 
off-state current reduction in SiGe channel pMOSFETs with optimized Si cap 
and high-κ metal gate stacks," 2009, pp. 22-23. 
[245] T. Tsuchiya, Y. Imada, and J. Murota, "Direct measurements of trap density in a 
SiGe/Si hetero-interface and correlation between the trap density and low-
frequency noise in SiGe-channel pMOSFETs," IEEE Transactions on Electron 
Devices, vol. 50, pp. 2507-2512, 2003. 
[246] C. K. Maiti, S. K. Samanta, M. K. Bera, and S. Chattopadhyay, "Surface 
roughness and interface engineering for gate dielectrics on strained layers," 
Journal of Materials Science: Materials in Electronics, vol. 17, pp. 711-722, 
2006. 
[247] R. A. Cowley and T. W. Ryan, "X-ray scattering studies of thin films and 
surfaces: Thermal oxides on silicon," Journal of Physics D: Applied Physics, 
vol. 20, pp. 61-68, 1987. 
[248] T. Ohmi, K. Kotani, A. Teramoto, and M. Miyashita, "Dependence of electron 
channel mobility on Si-SiO2 interface microroughness," IEEE Electron Device 
Letters, vol. 12, pp. 652-654, Dec 1991. 
[249] D. Wang, M. Ninomiya, M. Nakamae, and H. Nakashima, "Electrical 
characterization of strained Si/SiGe wafers using transient capacitance 
measurements," Applied Physics Letters, vol. 86, Mar 2005. 
[250] S. K. Chun and K. L. Wang, "Effective mass and mobility of holes in strained 
Si1-xGex layers on (001) Si1-yGey substrate," IEEE Transactions on Electron 
Devices, vol. 39, pp. 2153-2164, 1992. 
[251] M. T. Currie, C. W. Leitz, T. A. Langdo, G. Taraschi, E. A. Fitzgerald, and D. 
A. Antoniadis, "Carrier mobilities and process stability of strained Si n- and p-
MOSFETs on SiGe virtual substrates," Journal of Vacuum Science & 
Technology B, vol. 19, pp. 2268-2279, Nov-Dec 2001. 
[252] D. V. Lang, R. People, J. C. Bean, and A. M. Sergent, "Measurement of the 
band-gap of GeXSi1-X/Si strained-layer heterostructures," Applied Physics 
Letters, vol. 47, pp. 1333-1335, 1985. 
223 
 
[253] J. Huang, J. Fu, C. Zhu, A. A. O. Tay, Z. Y. Cheng, C. W. Leitz, and A. 
Lochtefeld, "A Study of compressively strained Si0.5Ge0.5 metal-oxide-
semiconductor capacitors with chemical vapor deposition HfAlO as gate 
dielectric," Applied Physics Letters, vol. 90, 2007. 
[254] J. Huang, N. Wu, Q. Zhang, C. Zhu, M. F. Li, A. A. O. Tay, Z. Y. Cheng, C. W. 
Leitz, and A. Lochtefeld, "Surface NH3 anneal on strained Si0.5Ge0.5 for metal-
oxide-semiconductor applications with HfO2 as gate dielectric," Applied Physics 
Letters, vol. 88, 2006. 
[255] S. Chakraborty, M. K. Bera, C. K. Maiti, and P. K. Bose, "Effects of annealing 
on the electrical properties of TiO2 films deposited on Ge-rich SiGe substrates," 
Journal of Applied Physics, vol. 100, 2006. 
[256] W. Y. Loh, P. Majhi, S. H. Lee, J. W. Oh, B. Sassman, C. Young, G. Bersuker, 
B. J. Cho, C. S. Park, C. Y. Kang, P. Kirsch, B. H. Lee, H. R. Harris, H. H. 
Tseng, and R. Jammy, "The effects of Ge composition and Si cap thickness on 
hot carrier reliability of Si/Si1-xGex/Si p-MOSFETs with high-K/metal gate," 
2008, pp. 56-57. 
[257] K. C. Saraswat, "High Mobility Channel Materials for Future CMOS," in VLSI 
Technology, Systems and Applications, 2007. VLSI-TSA 2007. International 
Symposium on, 2007, pp. 1-4. 
[258] W. P. Bai, N. Lu, J. Liu, A. Ramirez, D. L. Kwong, D. Wristers, A. Ritenour, L. 
Lee, and D. Antoniadis, "Ge MOS Characteristics with CVD HfO2 Gate 
Dielectrics and TaN Gate Electrode," 2003, pp. 121-122. 
[259] L. Yan, "Characterisation of gate oxide and high-κ dielectric reliability in 
strained Si and SiGe CMOS transistors," PhD, Faculty of Engineering, 
Newcastle University, Newcastle upon Tyne, United Kingdom, 2009. 
[260] K. M. Wong, W. K. Chim, K. W. Ang, and Y. C. Yeo, "Spatial distribution of 
interface trap density in strained channel transistors using the spread of the 
differential capacitance characteristics in scanning capacitance microscopy 
measurements," Applied Physics Letters, vol. 90, 2007. 
[261] M. N. Chang, C. Y. Chen, F. M. Pan, T. Y. Chang, and T. F. Lei, "Observation 
of differential capacitance images on slightly iron-contaminated p-type silicon," 
Electrochemical and Solid-State Letters, vol. 5, pp. G69-G71, 2002. 
[262] M. N. Chang, W. W. Wan, C. Y. Chen, J. H. Lai, J. H. Liang, and F. M. Pan, 
"Influence of annealing sequence on p
+
/n junction images studied by scanning 
capacitance microscopy," Electrochemical and Solid-State Letters, vol. 7, pp. 
G90-G92, 2004. 
[263] P. S. D. Lin, R. B. Marcus, and T. T. Sheng, "Leakage and breakdown in thin 
oxide capacitors - correlation with decorated stacking faults," Journal of the 
Electrochemical Society, vol. 130, pp. 1878-1883, 1983. 
[264] P. F. Schmidt and C. W. Pearce, "Neutron activation analysis study of the 
sources of transition group metal contamination in the silicon device 
224 
 
manufacturing process," Journal of the Electrochemical Society, vol. 128, pp. 
630-637, 1981. 
[265] S. Sadamitsu, A. Sasaki, M. Hourai, S. Sumita, and N. Fujino, "Transmission 
electron microscopy observation of defects induced by Fe contamination on 
Si(100) surface," Japanese Journal of Applied Physics, Part 1: Regular Papers 
and Short Notes and Review Papers, vol. 30, pp. 1591-1596, 1991. 
[266] J. Wong-Leung, D. J. Eaglesham, J. Sapjeta, D. C. Jacobson, J. M. Poate, and J. 
S. Williams, "The precipitation of Fe at the Si-SiO2 interface," Journal of 
Applied Physics, vol. 83, pp. 580-584, 1998. 
[267] A. A. Istratov, H. Hieslmair, and E. R. Weber, "Iron and its complexes in 
silicon," Applied Physics A: Materials Science and Processing, vol. 69, pp. 13-
44, 1999. 
[268] M. Itsumi, Y. Sato, K. Imai, and N. Yabumoto, "Characterization of metallic 
impurities in Si using a recombination-lifetime correlation method," Journal of 
Applied Physics, vol. 82, pp. 3250-3255, 1997. 
[269] S. Maikap, L. K. Bera, S. K. Ray, S. John, S. K. Banerjee, and C. K. Maiti, 
"Electrical characterization of Si/Si1−xGex/Si quantum well heterostructures 
using a MOS capacitor," Solid-State Electronics, vol. 44, pp. 1029-1034, 2000. 
[270] S. Maikap, M. H. Lee, S. T. Chang, and C. W. Liu, "Characteristics of strained-
germanium p- and n-channel field effect transistors on a Si (1 1 1) substrate," 
Semiconductor Science and Technology, vol. 22, pp. 342-347, 2007. 
[271] I. S. Goh, J. F. Zhang, S. Hall, W. Eccleston, and K. Werner, "Electrical 
properties of plasma-grown oxide on MBE-grown SiGe," Semiconductor 
Science and Technology, vol. 10, pp. 818-828, 1995. 
[272] C. T. Lin, S. J. Chang, D. K. Nayak, and Y. Shiraki, "The properties of SiO2 
films using direct photo-chemical vapor deposition on strained SiGe layers," 
Applied Surface Science, vol. 92, pp. 193-197, 1996. 
[273] L. S. Riley, S. Hall, J. Harris, J. Fernandez, B. Gallas, A. G. R. Evans, J. F. 
Clarke, J. Humphrey, R. T. Murray, and C. Jeynes, "SiGe nMOSFETs with gate 
oxide grown by low temperature plasma anodisation," Microelectronic 
Engineering, vol. 48, pp. 227-230, 1999. 
[274] N. B. Lukyanchikova, M. V. Petrichuk, N. P. Garbar, L. S. Riley, and S. Hall, 
"A study of noise in surface and buried channel SiGe MOSFETs with gate oxide 
grown by low temperature plasma anodization," Solid-State Electronics, vol. 46, 
pp. 2053-2061, 2002. 
[275] Y.-J. Song, J.-W. Lim, S.-H. Kim, H.-C. Bae, J.-Y. Kang, K.-W. Park, and K.-H. 
Shim, "Effects of Si-cap layer thinning and Ge segregation on the characteristics 




[276] S. Persson, D. Wu, P. E. Hellström, S. L. Zhang, and M. Östling, "Quantifying 
hole mobility degradation in pMOSFETs with a strained-Si0.7Ge0.3 surface-
channel under an ALD TiN/Al2O3/HfAlOx/Al2O3 gate stack," Solid-State 
Electronics, vol. 48, pp. 721-729, 2004. 
[277] M. H. Lee, B. F. Hsieh, S. T. Chang, and S. W. Lee, "Nickel Schottky junction 
on epi-Ge for strained Ge metal–oxide–semiconductor field-effect transistors 
source/drain engineering," Thin Solid Films, vol. 520, pp. 3379-3381, 2012. 
[278] C. H. Fu, K. S. Chang-Liao, K. H. Tsai, T. K. Wang, and Y. J. Lee, "Effects of 
Ge content in SiGe channel on electrical characteristics of high-κ gated MOS 
device," Solid-State Electronics, vol. 53, pp. 888-891, 2009. 
[279] W. Y. Loh, H. Zang, H. J. Oh, K. J. Choi, H. S. Nguyen, G. Q. Lo, and B. J. 
Cho, "Strained Si/SiGe channel with buried Si0.99C0.01 for improved drivability, 
gate stack integrity and noise performance," IEEE Transactions on Electron 
Devices, vol. 54, pp. 3292-3298, 2007. 
[280] A. Dobbie, "Investigation of the electrical properties of Si1-xGex channel 
pMOSFETs with high-κ dielectrics," PhD, Department of Physics, University of 
Warwick, Coventry, United Kingdom, 2007. 
[281] C. C. Lee, S. H. Chen, and C. C. Jaing, "Optical monitoring of silver-based 
transparent heat mirrors," Applied Optics, vol. 35, pp. 5698-5703, 1996. 
[282] J. K. Fu, G. Atanassov, Y. S. Dai, F. H. Tan, and Z. Q. Mo, "Single films and 
heat mirrors produced by plasma ion assisted deposition," Journal of Non-
Crystalline Solids, vol. 218, pp. 403-410, 1997. 
[283] X. Zhang, S. Yu, and M. Ma, "ZnS/Me heat mirror systems," Solar Energy 
Materials and Solar Cells, vol. 44, pp. 279-290, 1996. 
[284] G. Leftheriotis, P. Yianoulis, and D. Patrikios, "Deposition and optical 
properties of optimised ZnS/Ag/ZnS thin films for energy saving applications," 
Thin Solid Films, vol. 306, pp. 92-99, 1997. 
[285] J. Chen and S. J. Bull, "Assessment of the toughness of thin coatings using 
nanoindentation under displacement control," Thin Solid Films, vol. 494, pp. 1-
7, 2006. 
[286] A. M. Al-Shukri, "Thin film coated energy-efficient glass windows for warm 
climates," Desalination, vol. 209, pp. 290-297, 2007. 
[287] J. Chen and S. J. Bull, "Finite element analysis of contact induced adhesion 
failure in multilayer coatings with weak interfaces," Thin Solid Films, vol. 517, 
pp. 3704-3711, 2009. 
[288] J. Chen, Z. Lin, S. J. Bull, C. L. Phillips, and P. D. Bristowe, "Experimental and 
modelling techniques for assessing the adhesion of very thin coatings on glass," 
Journal of Physics D: Applied Physics, vol. 42, 2009. 
226 
 
[289] S. J. Bull and E. G. Berasetegui, "An overview of the potential of quantitative 
coating adhesion measurement by scratch testing," Tribology International, vol. 
39, pp. 99-114, 2006. 
[290] M. P. De Boer and W. W. Gerberich, "Microwedge indentation of the thin film 
fine line - I. Mechanics," Acta Materialia, vol. 44, pp. 3169-3175, 1996. 
[291] D. B. Marshall and A. G. Evans, "Measurement of adherence of residually 
stressed thin films by indentation. I. Mechanics of interface delamination," 
Journal of Applied Physics, vol. 56, pp. 2632-2638, 1984. 
[292] A. A. Volinsky, N. R. Moody, and W. W. Gerberich, "Interfacial toughness 
measurements for thin films on substrates," Acta Materialia, vol. 50, pp. 441-
466, 2002. 
[293] C. Jorel, C.  alĺe, P. Gonon, E. Gourvest, C. Dubarry, and E. Defay, "High 
performance metal-insulator-metal capacitor using a SrTiO3/ ZrO2 bilayer," 
Applied Physics Letters, vol. 94, 2009. 
[294] S. J. Kim, B. J. Cho, M. F. Li, S. J. Ding, C. Zhu, M. B. Yu, B. Narayanan, A. 
Chin, and D. L. Kwong, "Improvement of voltage linearity in high-κ MIM 
capacitors using HfO2-SiO2 stacked dielectric," IEEE Electron Device Letters, 
vol. 25, pp. 538-540, 2004. 
[295] S. J. Kim, B. J. Cho, M. F. Li, S. J. Ding, M. B. Yu, C. Zhu, A. Chin, and D. L. 
Kwong, "Engineering of voltage nonlinearity in high-κ MIM capacitor for 
analog/mixed-signal ICs," 2004, pp. 218-219. 
[296] G. Falini, E. Foresti, M. Gazzano, A. E. Gualtieri, M. Leoni, I. G. Lesci, and N. 
Roveri, "Tubular-shaped stoichiometric chrysotile nanocrystals," Chemistry - A 
European Journal, vol. 10, pp. 3043-3049, 2004. 
[297] N. Roveri, G. Falini, E. Foresti, G. Fracasso, I. G. Lesci, and P. Sabatino, 
"Geoinspired synthetic chrysolite nanotubes," Journal of Materials Research, 
vol. 21, pp. 2711-2725, 2006. 
[298] M. S. Ivanova, Y. A. Kumzerov, V. V. Poborchii, Y. V. Ulashkevich, and V. V. 
Zhuravlev, "Ultrathin wires incorporated within chrysotile asbestos nanotubes: 
optical and electrical properties," Microporous Materials, vol. 4, pp. 319-322, 
1995. 
[299] F. Pierini, E. Foresti, G. Fracasso, I. G. Lesci, and N. Roveri, "Potential 
technological applications of synthetic geomimetic nanotubes," Israel Journal of 
Chemistry, vol. 50, pp. 484-499, 2010. 
[300] K. M. Wong and W. K. Chim, "Theoretical model of interface trap density using 
the spread of the differential capacitance characteristics in scanning capacitance 
microscopy measurements," Applied Physics Letters, vol. 88, 2006. 
 
 
